a2 United States Patent
Medhat et al.

US011085825B2

US 11,085,825 B2
Aug. 10, 2021

(10) Patent No.:
45) Date of Patent:

(54)

(71)
(72)

(73)

(%)

(21)
(22)

(65)

(60)

(1)

(52)

(58)

SELF-REFERENCED SPECTROMETER

Applicant: Si-Ware Systems, Cairo (EG)

Inventors: Mostafa Medhat, Cairo (EG); Bassem
Mortada, Nasr (EG); Yasser Sabry,
Nasr (EG); Mohamed Hossam, Cairo
(EG); Momen Anwar, Cairo (EG);
Ahmed Shebl, Cairo (EG); Hisham
Haddara, Nasr (EG); Bassam A.
Saadany, Nasr (EG)

Assignee: SI-WARE SYSTEMS, Cairo (EG)

Notice: Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35
U.S.C. 154(b) by 89 days.

Appl. No.: 16/368,771

Filed: Mar. 28, 2019

Prior Publication Data

US 2019/0301939 Al Oct. 3, 2019

Related U.S. Application Data

Provisional application No. 62/651,016, filed on Mar.
30, 2018.

Int. CIL.
G01J 3/45 (2006.01)
G01J 3/02 (2006.01)
(Continued)
U.S. CL
CPC ..o G01J 3/45 (2013.01); GO1J 3/021

(2013.01); GO1J 3/0205 (2013.01);

(Continued)

Field of Classification Search
CPC .... GO1J 3/42; GO1J 3/45; GO1J 3/4532; GO1J
3/4534; GO1J 3/4535; GO1J 2003/425;
GO01J 3002/4534; GO1J 3/26

See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

10/1975 Knoll et al.
4/1984 Schwiesow

(Continued)

3,915,573 A
4,444,501 A

FOREIGN PATENT DOCUMENTS

413241 B 12/2005
1058110 A1 12/2000

(Continued)

Al
EP

OTHER PUBLICATIONS

Invitation to Pay Additional Fees and Partial Search Report for
PCT/US2019/025021, 18 pages, dated Jul. 29, 2019.

(Continued)

Primary Examiner — Michael A Lyons

(74) Attorney, Agent, or Firm — Loza & Loza, LLP;
Holly L. Rudnick

(57) ABSTRACT

Aspects of the disclosure relate to a self-referenced spec-
trometer for providing simultaneous measurement of a back-
ground or reference spectral density and a sample or other
spectral density. The self-referenced spectrometer includes
an interferometer optically coupled to receive an mput beam
and to direct the mput beam along a first optical path to
produce a first interfering beam and a second optical path to
produce a second interfering beam, where each interfering
beam 1s produced prior to an output of the interferometer.
The spectrometer further includes a detector optically
coupled to simultaneously detect a first interference signal
produced from the first interfering beam and a second
interference signal produced from the second interfering
beam, and a processor configured to process the first inter-
ference signal and the second interference signal and to
utilize the second interference signal as a reference signal in
processing the first interference signal.

30 Claims, 22 Drawing Sheets

H\"{ ffzﬁj

i
....-/" Eﬂ'
. T e o e o i o ! /
| 214 | o
™ F ;
i ) ~ ;
! & E
: £ :
; T |
| BN, ;
] ' [: Y I
; 226 | SRS ;
] : S S i 37
; 218 . i i 2
i 1 224 | L
; / NG - ] MWGHT
] "‘..‘“‘-.‘Cq‘q‘;‘t‘.'_"h'r.__"h T -2'.'.:.‘:‘-.‘-.‘1."' n‘:f.‘.‘:‘-i-.“q'q'."'-:-'.‘-?‘;:C:-‘-."""-.':h“."‘I-.‘ SGURSE
1 : ,‘lb:, -~ R 21 2 -“_u--"". . Eifé A ; .:3:.-;.2 - _‘,-‘f
3 ACTUATOR Z e t Y LD
D # sansisssnssene : _ ____ e : F‘?EFEF{ENCE __________ | DET':{:TDR 3
£ E ey E‘:-r‘l:- - I E : - ;
{ ] e S 5
i & o i A
! > a |
: b
;
i
i

{
i
i
i
i
{
i
{
]
i
i
i
{
i
]
i
i
|
i
]
i
i
i
{
]
]
i
i
i
{
!
!
i
!
!
i
{
i

*.Efiﬁ#zaﬂ |
1 OSAMPLE | ELECTRONICS
- E 220 "“ INTERFAGE
. .sﬂ:‘fé -
5062 DETECTOR En - —_— ey :
™~ h 247 208

R H

LSk i




US 11,085,825 B2
Page 2

(51) Int. CL
G01J 3/10
GO1J 3/42
GO1J 3/453
G01J 3/26

U.S. CL
CPC

(52)

(2013.01); GO1J 3/0294 (20
30297 (2013.01); GO1.J 3/10 (20°
3/26 (2013.01); GO1J 3/42 (20

(2006.0°
(2006.0°
(2006.0°
(2006.0°

)
)
)
)

G01J 3/0216 (2013.01); GO1J 3/0291

3.01); GO1J
3.01); GO1J
3.01); GO1J

3/4532 (2013.01); GO1J 3/4535 (2013.01);
G01J 2003/425 (2013.01); GOIJ 2003/4534

(56)

References Cited

U.S. PATENT DOCUMENTS

4,538,910 A
0,025,913 A
7,079,252 Bl
7,796,267 B2
8,154,731 B2
8,730,843 B2
8,922,787 B2
10,151,633 B2 *
2002/0154379 Al
2007/0291255 Al*

2008/0228033 Al
2008/0290279 Al
2011/0082353 Al
2012/0002212 Al

9/1985
2/2000
7/2006
9/2010
4/2012
5/2014
12/2014
12/2018
10/2002
12/2007

9/2008
11/2008
4/2011
1/2012

Doyle
Curbelo
Debreczeny et al.
Saadany et al.
Arnvidarson et al.
Medhat et al.
Mortada et al.
O’Rourke
Tonar et al.
[.arsen

iiiiiiiiiiiiiii

tttttttttttttttttttttt

Tumlinson et al.
Juhl

Kiesel et al.
Chandler et al.

(2013.01)

GO1J 3/427

GO1J3/02
356/73

2014/0098371 Al 4/2014 Sabry et al.

2014/0192365 Al 7/2014 Mortada et al.

2015/0062586 Al 3/2015 Zhu et al.

2015/0260573 Al 9/2015 Ishimaru

2015/0276588 Al  10/2015 Marshall et al.

2015/0323383 Al* 11/2015 Pastore ........cccccoen.... GO1J3/28
356/326

2017/0363469 Al 12/2017 Sabry et al.

2020/0037883 Al* 2/2020 Islam ...................... GO1J 3/453

FOREIGN PATENT DOCUMENTS

EP 19531939 Al 6/2008
EP 2419770 Bl 3/2013
JP 2017138390 A 8/2017
WO 9838475 Al 9/1998

OTHER PUBLICATTONS

Hans Villemoes Andersen, Anders Friderichsen, Saonnik Clausen,
and Jimmy Bak, “Comparison of noise sources in dual- and single-
beam Fourier-transform near-infrared spectrometry”, vol. 44, No.

29 Applied Optics 6, Oct. 10, 2005.

International Patent Application No. PCT/US2019/025021, Inter-
national Search Report and Written Opinion, 37 pages (dated Nov.
4, 2019).

Elsayed, Ahmed A. et al. “Optical diffuse reflectance of Back
Silicon and 1ts 1sotropicity”, 2016 URSI Asia-Pacific Radio Con-
ference, IEEE, pp. 1944-1946 (Aug. 21, 2016).

International Patent Application No. PCT/US2019/025021, Written
Opinion, 9 pages (dated Jul. 24, 2020).

* cited by examiner



US 11,085,825 B2

Sheet 1 of 22

Aug. 10, 2021

U.S. Patent

HOS5400dd

801

Q0L

H0L04LH0

901

A3 L ANW0OH A3 LN

vUL

UL

JJ4N0%




US 11,085,825 B2

Sheet 2 of 22

Aug. 10, 2021

U.S. Patent

+ + + + + + + + + + ++ ++ + +t +F A+ttt Sttt ettt ottt ottt ettt ettt Attt t

+
+
+
+
+
+
+
"y
* ¥
+
+
+
+
+
+
+
+
+ - h
+ + + + + + + + *+ + + + + + + + + A+ FEF A FEFE A FE A F . k c
+
+
+
+
+
+
+
+
+
+ +
+
+
+
+
+
+
+
+
+
+
+
+
. k.
+
+
+
. .
+
+
+
+
+
+
+
+
+
+ +
Ayt .
+
+
H +
+
H +
+
} ' +
+
+
EEE EKEXE [+ + H [+ + + -+ + ] F + + | EXE KX [+ + H + 4+ +
+
+
“- *
[~ 4 +
) +
+
+
+
+
. +
+
+
+ + + + + + + + *+ + + + + + + + + + + + + + + F + FF+ A+ A A FE A A A FE A AFEAF A H "
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+*
+
+
+ H
+
+
. +
- +
+
+
+
+
+
+
-
+
+
+
+
. +
+ + + + + + + + + + + + + + + F + +F+ 4+ +F+F+F+FFF A FEFEFEF T + + + + + + + + + + + F + +F+ ++FF+FFAFFEFEEEFEFEEEEEE +
+
+
+
+*
+
.

+

H * ko
+ + + + + + + + + F +F +F

+ + + + + + + + + + + + + + + + F+F F+F A+ttt

; 7T

e 334005
LHD

+ + + + + + + + + + + + + +t +r+ Attt

LA N NN NN N BB EBEBEBEEBEEBEBEEBEEEEEEEREBELEEREIBIEIBIEIEIBERIEEMNMIEBIEMIEIMEIEREIEIENEIEIEREIEIMEIEIIEZIEIEHM®S.,.

F
+
+*
+
+
+*
+
+
+*
+
+
+*
+
+
+*
+
+
+*
+
+

1 + o F o+ FFFFFEFFFFFFEFFFFEFFEFEFEFEFEFEFFEFEFFEFEFEFEEFEFEFF

L B

vie

HOLYLOY

SN

+ + + + + + F F F FFFFFFFEFFFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEEFEFEFEEFEFEFEFEFEFEFEFEFEFEFEEEFEEEEEEET

124

+EHEHEE-H!.!EEEEIH!.!EHEEEHHHEEEHHHEEEHEEEEEH“

e o e e e e e o e o

244



U.S. Patent Aug. 10, 2021 Sheet 3 of 22 US 11,085,825 B2

300

+ + *+ + + + ¥ + F F F A+ FFFFFEFFFEFFEFEFFEFEAFFEFEFE A FH

+++++++++++++

OR

N
N
n

L N N N N N N N N N N N NN NN N NN N N NN N NN N NN N NN NN NN NN NN NN N NN NN

g I/BOSa

SAMPLE
DETEC

+ + + + + + + + + +

+ +

+ + +
+ + +
+*

+
+* + ¥+ + + F F +F FF FFFFFEFEFFEFEFFEFEFEFEFEFEFEFEFEEFEFEFEEFEEEFFEFF
+ +* +
+ +
+

+ + + + + + + + + + + + + + + +
*

3060

+ + *+ + + F + + F F FFFFFEFFFEFFEFEFFEFEFEFEFEFFEFEFEFEFEFEFEFEFEEFEEFEFEFEFEFEFEFEFEFEEEFEEEFEEEEFEEE
+

|
]
]

+ + + + + + ¥ + F A+ FFFFFEFEFEFEFEFEFEFFEFEFFEFEFEFEFEFEFEFEFEEEFEFEEEEFEFE



US 11,085,825 B2

Sheet 4 of 22

Aug. 10, 2021

U.S. Patent

Hd0L04L40 e

LALLM BN E B EEE LB EERBBEBEBENERERNLSEBEERNEEERBRERNEBEN,.

USUY

'ﬁ.:!l'!h-:

+ & B+ + o F+ +d+ FF Nt F

EW B EEEN.

+ b + + + F & + d ¥ + + 5§

+
*
*
*
r
+
*
*
w
L
+
r
-
+
*
-
1
+
*
¥
+
*
,
+
+
*
¥
+
*
+
+
*
*
,
-
*
*
-
€T
*,

3 1d100

+ + + F

SJ4n0%

LHO

. 2

_® P 4 R B R LN L L N 4§ i BB L

+ + + + F + + + F+ + 2 F F FFFE A+

J0Y

ra il rs s s s s rretridisasdwsr s dt+d ks rs et tdonw ot

H10L04L30

+ + + 4 + + + 4 + + 4

+ A~

e80v

+

+ & F £ &+ F #& ¥ I
* [ I - T T -
o ,

+ + 4 &+ 4+ A+ + + 4+

+

L

L N B

> & £ F = F & £ £ # F £
L

1 + + & o

[ ]
L B

)

F e wor RaT F BT

- & o &
o

=
[ 8
+
+

4+ % 4% % O kB & % % 4 K % 4 B T A % 4% % F B 4 4 &
' % % T % L+ % & & % W % % w® * &+ % % r &+ % & & =

+
T
+

(“'xi)

===

[
+
a
Chit ) -
-iT
+*
+

+ + + 4 + + A4 + + + F+ +d4dF F F+FHAFF PN
¥

*

L4

¥ -

* ¥ £ 2

b
<

.

r
&r ¥ A& ¥ O ¢ & ¥ £

# F ¢
¥ &

"
LT B

LA A, M. - L BB . P - D . B - - I I A N - I D . P DO A, O, R R, . - - I, |

= + + 4+ A+ b+ F S L+ kYRR d kY L

SOLVILLOV

SWAN

:‘:4-:#:-



LB B N N N N R SR EEEEBEEEBEEEBEENEEIENIEBIEINIEINESIEZIREZSES:ZI:E,.

US 11,085,825 B2
2
\

+ + + + + + + + *+ + + + + + + + + + + + + + + + + + F + + F A+
* =
H..
. *
N %
+ ]
+fd
* »
+
+ + r
oy
. r o+
i
. L 3
I3
* »
7- +f
2 %
I
~J °
N~
N
+
R
I
+d
= 5
+ + + + + + + + + + + + + + + + + + + + + + + + + + + F + + F + A+ + .—..—..-..—..—..-..—..—..—..—..—..-..—..—.-—..—..—.+++++++++++++++.—.+++++++.—. ”*.’.
+ + Q
+
\f : o
+*
- E +
\ E : T
I ; . ;
' iy N [ + +
+ + H
W + A
+ + Y H
+ + .-.p.
W »
*B
+
O
I
" »
]
* »
+IY
+ T
o
N -
”_-_
+ ’. +
.-.* .—..—.
+
+fl
* &
+
+ SN
N
N *
+
)
+ L 8
I
* L Y
)
+ I 0
+I3
+ RN
”__-.
. L]
N
I
+ + + + + + + + + + + + + + + + + + +F + + + + + +F + + F + .-.'.
* L 3
+3
* *
+EY
. ¥

F34N05

+* + *+ + + F + + + + +F FFF o FFEFFFEFF
LB B B N N R NN RN N NN EEEEN

Aug. 10, 2021

.—..—..—..—. +*
+ + + + +
+++.—.+++.-..—..—..-..—..—..-..—..—..-..—..—..—.++.—.++.—.++.—.++.—.++.—.++.—.++++
.-..—. .—..—..—..—..—. .—..—.
H L
+
+
+
+ -
‘B3
+*
i
i
. L 3
+ + + + + + + + + + + + + + + + + + + + + + + + + + + F + + F + A+t F .-.'
* &
+i ]
\\\ AN
N+
N
) - Nwm
+ L 8
H .-.‘ .
+
il
* » .
+Y
+ ... F
N+
+
.-.".
+
. L 8
hd
* L 3
+fi ]
+ I
+=" "'.’...‘
+ * =
N~
+
. *
....J.
%
+
* L 3
+
+ RN
+ N
Om i~
mm ‘B3
*I
+
+

009

U.S. Patent

+
+*
+

&+

HAOLVLOV



AOLD4L

+ + + + + + + F + +

€309

US 11,085,825 B2

A4 IdVS

+ + + + + + + + + F +t +t +t+t T

AOLDHAL30 e AONHd A4

+

1909 319~

+ 4+ + + + + + + + + + + +
* ko

Sheet 6 of 22

+ * + + + + + + + + + + ++ +t + F +tF Sttt

LI B N N N B N B N N N EE N N NN NS NN NN NN NN L NN B B N N NN NN NN NN

+ + + + s + + P + + + * "
- L f...... ¥+ +
* = - + F + o+ [ |
3 Nt b b b bk ok kb b b b bk ok kb kbt b+ 4 b+ bk ok ok ok kb b bk ok ko k k o+ bk +
kL kL Lttt Fot L [ ]
' 3 3 -+ + [ ]
L4 4]

+*
+
+
+*
+
+
+

+
Ny %y

+ + + + + + + + + F + +t Ft Sttt

LI N NN N R E BB B EEBEBEEEBEEEBEERBMNBIEIEMNIBEBINEBENEIENEIEIEMINEJRIEZIEBIIIISENIEIIEZS:,.

Aug. 10, 2021

SHithe

P09

+ + + + + + + + + + +t ++ o+ttt

400105

000 LHOI

+ 4+ + + + + + + + + + + + +F + +F F F

+

U.S. Patent



US 11,085,825 B2

Sheet 7 of 22

Aug. 10, 2021

U.S. Patent

004

+ + + + + + + + F F F A+ FFFEFFFEFFFEFFEFEFFEFEFFEFEFFEFEFFEFEFFEFEFEFEFEFFEEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEFEEFEFEFEEFEFEFEFEFEFEFEFEFEFFEEFEFEEEFEFEFEEFEEFEEFEFEEFEFEFEFE A FEFEFH

+ + + + + + + + + & + + ¥ + + & + + + + +

3

* ko k kot

L B N B N N BN N N B B B N B A B B N N N L B

.—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..-..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—..—.

e
LT
L



US 11,085,825 B2

Sheet 8 of 22

Aug. 10, 2021

U.S. Patent

+ + + + + + + + + + + + + + + + + +t ++t A+ttt sttt ottt ettt sttt ottt ottt sttt ottt ottt

008

;o
T
;o
LI

+ + + + + + + +
'

+ + + + + + + + + + & + H

N

~ ===

5 - ]

+ + +
» * *

* *

> ] W

- 018



U.S. Patent Aug. 10, 2021 Sheet 9 of 22 US 11,085,825 B2

GO0
g00a

+
+
+
+
+*
+
+
+*
+
+
+
+
+
+*
+
+
+
+
+
H +
+
+
+*
E .
E Tt 1 1 |

+
+
+
+
+*
+
+
+
+
+
+
+

+*
+
+
+
+
+
+*
+
+
+
+
+
+*
+
+
+*
+
+
+
+
+
+*
+
+
+
+
+
+
+
+
+*
+
+
+
+
+
++++++++++++

902
~_ 316

+ + + *+ + + + F F F F FFFFFEFFFEFFEFEFEFEFEAFEFEFEFFEEFEFEE

DETECTOR I~ 808D

L
(I
<
B
ad
L
EL.
L1
e

ACTUATOR




U.S. Patent Aug. 10, 2021 Sheet 10 of 22 US 11,085,825 B2

(00

g

CRTEN,
-
'
h
|
,

N 3¢

AR
N %%z R
R SRS
N oy
N SCSAK S
R %07 R
R

I
+

1

3

'Il'll"ll'll
'I-'I-!
bt

LI
=y
* [ *
+ + + + 4 + + +
+ + 4+ 4+ +

* F* o+
f-l-

el
PN

-y
e L S R P L R ﬂ."ﬁ. "
Rl
L ]

g rey ey e,

+ +I"‘
+*i.ﬁ£i.ﬁ{i.i{i.iii.i‘i.i‘i il el el ik e b BT
i-++ + + + + + + ++.-++.-++I-++I-++ + +

0 e e O v 0 0 0 B
i i o, o, oy o, o,

+

+
k]
+

L
+ ¥

+
+

e AT
+ + + + + + +
+ 4+ + + + +

T'I-
/!

BB tnh
F

el
+ + 4
+ +

+

++‘\ ...I"'i::ij;-;-l ’ \“12 ' y I'-,+ 1 ol iy
‘~,0:0,0122%¢ " N S T
RIEEEXCRN BN =
YN N2C Q. 0.O0.@ N AN : e N S S

i.-..

—

{3

.

+ +
+
eslesler 4 aslessler 4 sl 4 seeslbeer'  desslessls 4 bl
L I B B DO B B )

y X

RIS

1006

LiGHT



U.S. Patent Aug. 10, 2021 Sheet 11 of 22 US 11,085,825 B2

REFERENCE SAMPLE 1100

1110

. m. . .
IR LR L ma®
. m mJ . E. vt amam mavaEm E.ma. mama =TT g
R mamam e m.wema s e w e e ma e e w ] M Rraa
tXa%y I F EFS% B F PRI aF FEITE FaFFn il 41 3
TA Audab v e Ad = d S A=k e pow e, 18T R
L R L R L e I e L L LA C

L3

+ 4+ =+ + 4+ 1 + -+

+

fER] EHEEI EXNIJI EEEXE IEKxE mmmmmmmmmn‘mlﬂnmmm;

§
i
:
:
¢
i
§

1104 VIS0 oo 117ER

- 1124

150 4o | ,.l
e d T T2} DETECTOR - 11062

Fo+ % = F 4 = E F 4 % = F & 4 R 2 F 4 = F

-

| I B )
*
.
+'|'
"

L]
+ % = F & L § F & E 5 5 F &1 =

=+ + &= 4 F + + = F + + 2 4+ + + & F + F A8 A+ o+




U.S. Patent Aug. 10, 2021 Sheet 12 of 22 US 11,085,825 B2

REFERENCE
127

— SAMPLE 1900
1210

+ 1 ¥ ¥ + + + + +

b h o+ A AF

l:l::lﬂh:

~ 1238

Pl gt Ny i it R g el Bty el e R e

= m p 2 g R 2 p & § R B A& p P 4+ B § B p A § B §F B §p A B B § p 8 4 & B & p P 4+ jp R B & § A B &R § & F 4 B B § P 4 4 B B B p P A B R § B A &

4

r 1240

ACTUATOR

S

= bk ok 4 =k




JUBUISORIASHT JOLIN

US 11,085,825 B2

+ + + ¥ ¥+ + ¥+ + +

wieibois Lo

Sheet 13 of 22

Aug. 10, 2021

00l

U.S. Patent

* ¥ + F ¥ F FFFFFFFFFFE T

 ——

+ + + + + + F ¥+ F F +

* + + F + + F F F A+ FFFEFFFEFFFEFFEFFFE T

VA AN A Ann AR AR A I A Aan Aan Aan i

. ‘lu‘

] '_-_._'E‘.‘IT.‘._-_‘

+
+ ++++.—.++.—.++.—.++.—.++.—.++.—.++.—.++.—.++.—.

PLEL KN\

L B N B N N O B B NN B B N BN N )

ULl
3 idiNVS —

+ + *+ + + F + F + F F F A+ FFFFEFFFEFFFEFFEFEFEFEEFEFEFEFEFEFEFEFEEEFET

* + + F + + F F F o+ FEFFFEFFFEFFFEFFEFEFFEFEFFEFEFEFEFEFEFEFEFEFEFEFEFEEFEFEFEEFEFEFEFEFEFEEFEFEFEFEFEFEFFEFFF

* + +
+ + +
+

LVOLOY

TN



US 11,085,825 B2

Sheet 14 of 22

Aug. 10, 2021

U.S. Patent

HUSLIBoRIUSIT JOLIN

+ +

L N N R L L
+* ¥ + ¥ +F + F F FFFFFFFFFFF T
+ ¥+ + +

Iy 1 +

+*
+
+
+*
+
+
+ +
+
+ +
+* +* +*
+ + + + + +
+ + + + + +
+* + + + + +
+ + +
+ + +
+* +*
+ + + +
+ +
+* + + +
+ + +
+ + + +
+* ¥ L
+ + + +
+ + + + + +
+* + L
+ + + + + + + +
+ + + + + + + + + + +
LI N B R L L N L N L L R
+ + + F ¥+ +F F F FFFFFFF +* + + F + F FFFFFFFEFFFEFFFEFFFEFFFEFFFF
+ + + + + + + + + + + + + ¥ + + +
+* ¥ + & LA N
+ + + + + + + +
+ + + + + +
+* ¥ L
+ + + +
+ + + +
+* + + +
+ +
+ + + +
+* +*
+ + + +
+ +
+ + + +
+ +
+ + +
+* +*
+
+
+*
+
+
+*
+
+
. +*
+

wziboialisiul

U0l

3|dweg
8Cel

Ot

e

3 1diNVS

d0L04.140

+ + + + + + + + + + F F F F A+ FFFFAFEFFAFEFFEAFEFFAFEFEFFE

+
+
+

+ + + + + + F F F FFF o FFFEFFFEFFFEFF A F

+ 4+ + + + + + + + + +

L
+
+*

+ +

-+
+ +
+*
+ + + + + + + ¥ + + + +F + o+

0761 1 - ogel

+ + + + + + F + + F FFFF

+ + + + + + + + + + + F + +F + +F F S

+ + + + + + + + + +

+ + + + + + + + +
+

+ + + + + + + + +

+
+ + + + + + + F + F + F FF

+ + + + + + + + + + + + + + + + + +F F F FFFFFFFFFFFFFFEFFEFFFEFEF

+ + + + + F + + F A+ FFFFFEFFFEFFFEFFFEFFEFEFFFEFEFEFEFFFEFEFEFEF

+
+
+
+
+
+*
+
+
+

+

S

.

+

+ +
+ + + + + F + F F A+ FFFFFEFFEFEFEFEFEFFEFEFEFEFEFEFEEFEFEEFEFF

+*

+ +

+ +

+ +

L

+ + +

+ +
+

EWAEl-EEEL.

dOLYALIY

acel



H0L04.130
e 0P L

+ + + + + + + + + + +

= Y

+ + + + + ¥+ + + + +

US 11,085,825 B2

PN A WA W W R AR M WS W W R DN R WA

m _m .—..-..—..—..-..—..—..-..—..—..-..—..—..-..—..—..-..—..—..-..—..—..-..—..—..-..—..—..-..—..—..-.++.—.++.—.++.—.++.—.++.—.++.—.++.—.++.—.
. . . _ + - - ‘l - + + +

- - - - + + ¥+ 4

| | | .-..—..—.
.-. .-..1 .-. .-. ++.—.
.-.
.—.

HOLVNLOY

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+ + + + + F + + F F F A+ FFFFEFFFEFEFFEFFEFEFEFFEFEFEFEFEFEFEFEEFEFEFEFEFEFEFEFEFEFEFEFEFEEFEEFEEEFEEEET

i

BN LN AR ARF ERN EEE AN BRa oo W RN RN ...EEEEEEE-'L

i’

Sheet 15 of 22

NN EXE EE [EX [(EE] XEJ] EXIJI EEE KIEEX LI OEEI NI ENIJ EEE EE [EX [Nl EEI EXIJI EKEE ENX X

vl

gLyi-

S —

AN RN RAEN RAE N BN LN AN ENF EAEE RAE LRAE AR ANEF AR AR AR RN R AR RN

+ + + + + + + F + & F + F FF o FFFFAFEAFFFEAFEFEAFEAFFEFF A+

+ + + + + + + + + * + + ¥+ + + + + + +

Aug. 10, 2021

cOvl

+* + + + + + + + + + + + F +F +F F FF A FFFFFFEFEAFEAFFFE

+ + + + + + + + +

0041 437"

Uivl
A1dNVS

L __..m..__“..lu“.....“...__..nn......__ v,

+ + + + + + + + +

sovh EWLNEEEEl.

U.S. Patent



U.S. Patent Aug. 10, 2021 Sheet 16 of 22 US 11,085,825 B2

SAMPLE
1510

1500

WINDOW

+ + + ¥ + +

* + + + + F + +F F A F A+ + + + + + + + + + + + + + + + + + +
r ]

-"
L. L1 . dny nnd
= - Ca [
'
0 1
+ + + + + + + + + + + + + + +

]
]
.

+

1502a

—
;1

+ + + + + + + + + F + F FFF o+ FFFEFFEFEFFEFEFFEFFEFEFEFFEFEFFEFFFEFEFFEFEFFEFEFEFEFEFFEFEFFEFEFFEFEFFEFEFF A FFFFE A FF

e

+ + + + + +
+
n
# g .
""I ? + + %
[ ] d? + %
u A o A @
; b
+
& + 3
+
+ +
F y i
+ +
f + + +
+ +
+
+
™ & :
+ +
I +
+ +
| i +
n | - 'h
+ +
+ +
+ + +
+
+
i + + +
+
; ] .
+
. b
+
+
+ ’ + E + +
" 3 * * "
+
+ +
+
+
+ + +
+
+
+
+ +
+
+ +
+ +
4+
+
+ +
"
+ +1 +
+ +
+
+ +
+
+
L ¥
+
+
+
+
+
+
+
vl +
+ + + +
H +
+
+ 4 +
+
+
+
+
+
+
+ +
+
L +
+
+
+
+ L ?
+
+
+
+
+
|
+
+
+ + + + + + + + *+ + + + + + + + + + + + + + + F + + + + + A+t F A FEAFEAAFEF A A FE A FEFEFFEFEAEFEFAE A FEFE A FEFE
|

S
—

1 1800 2000 2200 2400 2600

~~

b




U.S. Patent Aug. 10, 2021 Sheet 17 of 22 US 11,085,825 B2

1600

SAMPLE /“/

1610
WINDOW ’ 1608
1 6 06 SRR e /l

TR féﬁ%??ﬂéﬁééf.évfi fﬁ%ﬁ;(fA%ﬁ%@ﬁéﬂﬂ%&%%ﬁ??ﬁﬁﬁ?“3?
ilﬁlﬂlBlﬁlﬂ]lilﬁ[ﬁlﬂlﬂllilﬂllﬂlilﬂ[lillﬂﬂn ';L.--":HI ':,-;llﬂlillill!]illﬁl[illﬂiﬂHllillﬂilll!“!llﬂiﬂlﬂlﬂl\:

mrr
an T
nrra
fa k
L1
n
" mra
-
[ ]
+
n
+,
- 4
- -
[ ] g 4
d +.
L L]
[ +.
L 4
b L]
w
+.
Iy
¥ L]
[}
h =
¥
+
P
[y
[}
¥ -
¥
-
¥

L .r . .
v T e -
r rrl = ar [ ] "
[ ) 4 44 F F]
im L .
N r-n e
e

e awm
" lll'r
Trme"rra
e mak
[
s EEmE B
am o omaw

1) {[Hl 0

anr
'|.I'.ll
1"unnr
IEC
4 adpn
KRS
'L
[

+

+

’3614

|
|
'
|
|
o
L]
.
! 2l
e
-
-
-
k
= &
-T .
.
-
K, 1 *
? I
!
7
! -
! +
7
. r
! .
k -
3 +
!
7 +
?
i
- I
] k
? ]
h
a
a
!
JII]{IF E ié !
i i{::::: |
h
?
?
!
7
!
;
b
!
7
?

INTERFEROMETER ./

1600

SAMPLE /\/

1610
REFERENCE WINDOW J 1608 REFERENCE
16812 § 1608 iy ‘H/ #1612

\‘ ’JZ!WWJWW 7

1604

INTERFEROMETER -w +




US 11,085,825 B2

Sheet 18 of 22

Aug. 10, 2021

U.S. Patent

HJOLVILOV
SN

0044

+++++++++++++++++++++++++++++++++++++++++++++++++++++

+
+
+

+ +
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+ - +

| ¢ J0UN0S LHOI

qz0/1”

, 30dN05 LHOH

===

AU




US 11,085,825 B2

Sheet 19 of 22

Aug. 10, 2021

U.S. Patent

SH0OLYNLOY
SN N

U081

L 54

e10L04.L040

23081 ~

¢ 3oANR0S LHOH

Q208

ad5d

(15d



S. Patent Aug. 10, 2021 Sheet 20 of 22 S 11,085,825 B2

1900

o

1

19122

rmmmmwmmmmm

+ + + + + + + + F
+ + + + + + + + +
LR A L N NN R BB E BN EBEEEBEEBERERREBERIEBEIBRIEIMNEIEINEMEIEMNEIEMNIEIEIIIE-:II;.]
+ + + + + + + + +
+ + + + + + + + +
L + L
+
+
+ +*
+
+
+
+
+
L ]
+ + +
E_+ 1 + + +
4-1-1-1-
L B A
[ B

:
a
e e e e
19120
Grrrmrnrmnnsncrnoncncn o [

Y o &

]

+

+
L
+ + + + + + + ¥ +F F F FFFFFEFFFEFFFEFFFEF
+ +

X
9,
-
-
1L
-
ER
£

/~19063

+
+*

+

+*

=CTOR

+
+ + + + + + + +
++++++1-1-1-++++++++++++++++++++++ \++++++++++++++++++1-1-1-++++++++++++++++++++1-1-1-+++++++++++++1-1-1-+++++++++++++++++++++++++++++
+ + +
+* +*
+
~+

+ + + + + + + + + F + + F A F

L]
{0}

+ + + + + + F + + F + + + + + F o+

LIGHT SOURCE



US 11,085,825 B2

Sheet 21 of 22

Aug. 10, 2021

U.S. Patent

000¢

+ + + + + + + + F + F F F F o+ FEFFFEFFFEFFEFEFFEFEFFEFEFFEFEFFEFEF A FF

vLaC

y00¢

+

. R
+ + + +
+ + + +
* b []
+ + +
+
u

e T e e e mm e

+
+ + *+ + + F ¥ + F F F FFFFFFFEFEFFEFFFEFEFEFEFEFEFEFEFEEFEFEFEFEFEFEEFEEEFE
+

+ 4+ + + + F F + + S

n :
: ;

: :

_ :

m :

: ;

m :

n ;

M ;..
;

:

ecii

HOLIMS
SN

(¢

~===

+
+
*
+
+
.J *
+
+
+ + +
+ + *
+
% WY :
*
+ + +
0+ 4+ + o F
+ * + *
+
+
+
+
+ + + + +
+ + + +
+ +
» % :
*
» % :
+
B % :
+
K4 .
+
+
+
*
+

LR B N NN N E R BB EEBE BB EEBEEEBENERENEIEILEMNIBEIMEIEIEINIENEIEIIEINEIIIEIENE BN,

404006 4

LA I B I N NN N E R BB EEBEEEEEBEEEBENEIEINEIEILEMEIEIMEIEIEINIENEIEIIEINEIIIEINEEB BN,

AL

* + + + +F + o+ FFFFFEFFFEFFEFEFFEFEFFEFEFFEFEAFFEAFEAFEFEFEFEFEEAFEFEEFEFEEF

ety

+*

+ + + *+ + +F F F F FFF A+ FFEFFFEFFEFEFFEFEFEFEFEFEFEFEFEFEFEFFEFEFEFEFEFEFEEFEFFEEFEFEFEFEFEFEFEFEFEFEFEEEEEEEEEET



S. Patent

2100

o

Aug. 10, 2021

Sheet 22 of 22

+ + + + + F F F FFFFFFFFEFFFEFFFEFFFEFFFEFFEFEFFE T

TOR

ACTUA

+

+

+
+

+*

+ +
++++++++1-1-1-+++++++++++++++++++++++++++++++++

+

+

+
+

+*

* + + F ¥ + F A FF

+
+

+

+*

+
+ + + + + + + F F FFF At EFEEFFEEFEF
+ [ 1 1 1 i [ +

+++++++++++++++++++++++++++++1-
[ [ [ [ ] [

+
+

+ +

+
+*
+*

+
+

g
~===

+
+

[ 21060
DETECTOR

210

+ + + + + + + + + + +

LI N N B N N N N B N N N BN N NN NN NN

S 11,085,325 B2




US 11,085,825 B2

1
SELF-REFERENCED SPECTROMETER

PRIORITY CLAIM

This application claims prionity to and the benefit of
Provisional Application No. 62/651,016, filed in the U.S.

Patent and Trademark Oflice on Mar. 30, 2018, the entire
content of which 1s 1icorporated herein by reference as 1f

tully set forth below 1n 1ts entirety and for all applicable
purposes.

TECHNICAL FIELD

The technology discussed below relates generally to spec-
trometers, and 1n particular to spectrometers for simultane-
ously capturing background or reference spectral density
and sample spectral density.

BACKGROUND

Fourier Transform-Infrared (FI-IR) spectrometers mea-
sure a single-beam spectrum (power spectral density (PSD)),
where the intensity of the single-beam spectrum 1s propor-
tional to the power of the radiation reaching the detector. In
order to measure the absorbance of a sample, the back-
ground spectrum (1.¢., the single-beam spectrum 1n absence
of a sample) should first be measured to compensate for the
istrument transier function. The single-beam spectrum of
light transmitted or reflected from the sample may then be
measured. The absorbance of the sample may be calculated
from the transmittance or retlectance of the sample. For
example, the absorbance of the sample may be calculated as
the ratio of the spectrum of transmitted light or reflected
light from the sample to the background spectrum.

For transmission measurements, the background spec-
trum may be obtained by measuring the spectrum of the
beam at the mput of the instrument without placing any
material 1 the light path (e.g., an empty cuvette). For
reflection measurements, the background spectrum may be
obtained by placing a reference maternial with nearly flat
spectral response across the spectral range of interest with
greater than 93% reflectance instead of the sample. Back-
ground measurements should generally be performed under
the same conditions at which the measurement of the sample
1s conducted.

To continue measuring accurate absorbance spectra, back-
ground measurements should be done frequently or even
before each sample measurement, which consumes addi-
tional time. Spectroscopists have studied the frequency of
background measurements and how the spectrum changes
with temperature and time to attempt to derive models to
simulate these eflects and to determine how to compensate
for them. Additional enhancements 1n spectrometer designs
are desired to reduce the time 1n the measurement process,
while maintaining an online reference/background measure-
ment to compensate for any PSD drift effects.

SUMMARY

The following presents a simplified summary of one or
more aspects of the present disclosure, 1n order to provide a
basic understanding of such aspects. This summary is not an
extensive overview of all contemplated features of the
disclosure, and 1s intended neither to 1dentity key or critical
clements of all aspects of the disclosure nor to delineate the
scope of any or all aspects of the disclosure. Its sole purpose
1s to present some concepts ol one or more aspects of the
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2

disclosure 1n a simplified form as a prelude to the more
detailed description that 1s presented later.

Various aspects ol the disclosure provide simultaneous
measurement of a background or reference spectral density
and a sample or other spectral density to maintain an online
background/reference measurement, compensate for any
PSD dnit eflects and minimize the time required to obtain
the background/reference measurement and perform any
PSD compensation. In an aspect of the disclosure, a seli-
referenced spectrometer includes an interferometer optically
coupled to receive an input beam and to direct the mput
beam along a first optical path to produce a first intertering
beam and a second optical path to produce a second inter-
fering beam, where the first and second interfering beams
are produced prior to an output of the interferometer. The
spectrometer further includes a detector optically coupled to
simultaneously detect a first interference signal produced
from the first interfering beam and a second interference
signal produced from the second interfering beam, and a
processor coupled to the detector and configured to process
the first interference signal and the second interference
signal and to utilize the second interference signal as a
reference signal in processing the first interference signal.

In an example, the interferometer may include a Michel-
son interferometer, a Mach-Zehnder interferometer, or a
Fabry-Perot interferometer, which may be implemented
within a Micro-Electro-Mechanical-Systems (MEMS) chip
including a moveable mirror actuated by a MEMS actuator.
In some examples, the interferometer may include retro-
reflectors and two outputs, where one output passes through
a sample arm forming the first optical path and another
output passes through a reference arm forming the second
optical path. In other examples, a coupler may be 1mple-
mented near an input of a Michelson interferometer to direct
the reflected second interfering beam onto an input port
corresponding to the second optical path. In still other
examples, a sample-under-test (SUT) and a diffuse retlec-
tance reference material or other reflection surface may be
simultaneously illuminated and the retlected light from the
SUT and the reference may be directed to the interferometer.
In further examples, the second optical path may include a
reference material with reference absorption peaks or a
narrowband optical filter for continuous wavelength correc-
tion of the first interference signal and/or online mirror
positioning. In still further examples, each optical path may
simultaneously measure a different spectral range or reso-
lution.

These and other aspects of the invention will become
more fully understood upon a review of the detailed descrip-
tion, which follows. Other aspects, features, and embodi-
ments of the present invention will become apparent to those
of ordinary skill in the art, upon reviewing the following
description of specific, exemplary embodiments of the pres-
ent mnvention 1n conjunction with the accompanying figures.
While features of the present immvention may be discussed
relative to certain embodiments and figures below, all
embodiments of the present mmvention can include one or
more of the advantageous features discussed herein. In other
words, while one or more embodiments may be discussed as
having certain advantageous features, one or more of such

features may also be used in accordance with the various
embodiments of the mvention discussed herein. In similar
fashion, while exemplary embodiments may be discussed
below as device, system, or method embodiments 1t should
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be understood that such exemplary embodiments can be
implemented 1n various devices, systems, and methods.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram 1illustrating an example of a self-
referenced spectrometer including an 1nterferometer config-
ured to simultaneously measure a background or reference
power spectral density (PSD) and a sample or other PSD.

FIG. 2 1s a diagram 1illustrating an example of a self-
referenced spectrometer based on a Michelson interferom-
cter including retro-reflectors.

FIG. 3 1s a diagram 1illustrating an example of a sell-
referenced spectrometer based on a Mach-Zehnder interfer-
ometer including retro-retlectors.

FIG. 4 1s a diagram illustrating an example of a seli-
referenced spectrometer based on a Michelson interferom-
cter including a coupler.

FIG. 5 1s a diagram 1illustrating an example of a self-
referenced spectrometer based on a Michelson interferom-
cter and a splitter.

FIG. 6 1s a diagram 1illustrating an example of a seli-
referenced spectrometer based on a Fabry-Perot interferom-
cter and a splitter.

FI1G. 7 1s a diagram 1llustrating an example of a side view

of a Micro-FElectro-Mechanical-Systems (MEMS) chip

including a self-referenced spectrometer and an integrated
diffuse reflection reference material.

FIG. 8 1s a diagram 1llustrating an example of a side view
of a MEMS chip including a self-referenced spectrometer
and a wafer-level bonded diffuse reflection reference mate-
rial.

FIG. 9 1s a diagram 1illustrating an example of a seli-
referenced spectrometer including a reference material or
filter.

FI1G. 10 1s a diagram illustrating an example of a top view
of a MEMS interferometer chip with an itegrated liquid or
gas reference material in a microtluidic channel.

FIG. 11 1s a diagram illustrating an example of a self-
referenced spectrometer based on a Michelson interferom-
cter and 1ncluding optical components designed to simulta-
neously illuminate a reference material and sample-under-
test (SUT) and to direct the reflected light to the
interferometer.

FIG. 12 1s a diagram 1illustrating an example of a seli-
referenced spectrometer based on a Fabry-Perot interferom-
cter and including optical components designed to simulta-
neously 1lluminate a reference material and sample-under-

test (SUT) and to direct the reflected light to the
interferometer.

FIGS. 13A and 13B are diagrams illustrating other
examples of a self-referenced spectrometers including a
single detector and optical components designed to simul-
taneously 1lluminate a reference material and sample-under-
test (SUT) and to direct the reflected light to the interfer-
ometer.

FIG. 14 1s a diagram illustrating another example of a
seli-referenced spectrometer including a single detector and
optical components designed to simultaneously i1lluminate a
reference material and sample-under-test (SUT) and to
direct the reflected light to the interferometer.

FIG. 15A 1s a diagram illustrating an example of a
self-referenced spectrometer including optical components
designed to simultaneously reflect light from a background
source and a SUT.
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FIG. 15B 1s a graph illustrating estimation of a back-
ground signal based on the reflected light from the back-

ground source and stored calibration measurements.

FIGS. 16A and 16B are diagrams illustrating other
examples of a seli-referenced spectrometer including optical
components designed to simultaneously retlect light from a
background source or reference material and a SUT.

FIG. 17 1s a diagram 1illustrating an example of a seli-
referenced spectrometer based on a Michelson interferom-
eter and including two light sources, each optimized for a
different spectral range.

FIG. 18 1s a diagram 1illustrating another example of a
self-referenced spectrometer based on a Michelson interfer-
ometer and including two light sources, each optimized for
a diflerent spectral range.

FIG. 19 1s a diagram 1llustrating an example of a seli-
referenced spectrometer based on a Michelson interferom-
eter and configured to simultaneously measure two diflerent
resolutions.

FIG. 20 1s a diagram illustrating another example a
self-referenced spectrometer based on a Michelson interfer-
ometer and configured to measure two different resolutions.

FIG. 21 1s a diagram 1illustrating an example of a seli-
referenced spectrometer based on a Michelson interferom-
cter and including a tap splitter at the input of the interfer-
ometer.

DETAILED DESCRIPTION

The detailed description set forth below in connection
with the appended drawings i1s intended as a description of
various configurations and 1s not mtended to represent the
only configurations 1in which the concepts described herein
may be practiced. The detailed description includes specific
details for the purpose of providing a thorough understand-
ing of various concepts. However, 1t will be apparent to
those skilled 1n the art that these concepts may be practiced
without these specific details. In some mstances, well known
structures and components are shown in block diagram form
in order to avoid obscuring such concepts.

FIG. 1 illustrates an example of a self-referenced spec-
trometer 100 for simultaneously measuring a background or
reference power spectral density (PSD) and a sample or
other PSD. The spectrometer 100 includes a light source
102, an interferometer 104, a detector 106, and a processor
108. The light source 102 1s configured to emit an 1nput
beam 110 and may include one or more wideband thermal
radiation sources or a quantum source with an array of light
emitting devices that cover the wavelength range of interest.

The interferometer 104 1s optically coupled to receive the
input beam 110 and to direct the input beam along one or
more optical paths to produce two iterfering beams 112a
and 1125 (e.g., interference patterns) at an output thereot. In
some examples, the interfering beams 112a and 1125 are
produced within the interferometer 104 prior to the output
thereof. One of the intertering beams 112a represents a
sample or other spectrum, while the other mterfering beam
1125 represents a background or reference spectrum. Thus,
cach of the mterfering beams 112a and 1125 passes through
a different respective medium (e.g., sample/other or back-
ground/reference) external to the interferometer 104. The
interferometer 104 may include one or more Michelson
interferometers, Mach-Zehnder (MZ) interferometers, and/
or Fabry-Perot (FP) interferometers.

In addition, the interferometer 104 may be implemented
on a Micro-FElectro-Mechanical-Systems (MEMS) chip. As

used herein, the term MEMS refers to the integration of
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mechanical elements, sensors, actuators and electronics on a
common silicon substrate through microfabrication technol-
ogy. For example, the microelectronics are typically fabri-
cated using an ntegrated circuit (IC) process, while the
micromechanical components are fabricated using compat-
ible micromachining processes that selectively etch away
parts of the silicon water or add new structural layers to form
the mechanical and electromechamical components. One
example of a MEMS element 1s a micro-optical component
having a dielectric or metallized surface working 1 a
reflection or refraction mode. Other examples of MEMS
clements 1include actuators, detector grooves and fiber
grooves.

In various aspects of the present disclosure, the MEMS
interferometer 104 may include one or more micro-optical
components (e.g., one or more reflectors or mirrors) that
may be moveably controlled by a MEMS actuator. In some
examples, the MEMS interferometer 104 may be fabricated
using a Deep Reactive Ion FEtching (DRIE) process on a
Silicon On Insulator (SOI) water 1n order to produce the
micro-optical components and other MEMS elements that
are able to process Iree-space optical beams propagating
parallel to the SOI substrate.

The detector 106 1s optically coupled to receive the
interfering beams 112a and 1126 from the interferometer
104 and to simultaneously detect a first interterence signal
114a produced from the first intertering beam 112q and a
second interference signal 1145 produced from the second
interfering beam 1125. For example, each of the interference
signals 114a and 1145 may correspond to interferograms.

The processor 108 1s configured to recerve the first and
second interference signals 114a and 1145 and to use the
second interference signal 114b as a reference signal 1n
processing the first interference signal 114a. For example,
the processor 108 may be configured to apply a Fourier
Transtform to each of the interference signals 114a and 11456
to obtain the respective spectrums, and then to use the
spectrum obtained from the second interference signal 1145
in further processing of the spectrum obtained from the first
interference signal 114a. In some examples, the processor
108 may calculate the absorbance of a sample-under-test
(SUT) as a ratio of the spectrum obtained from the first
interference signal 114a to the spectrum obtained from the
second 1nterference signal 1145.

The processor 108 may be a single processing device or
a plurality of processing devices. Such a processing device
may be a microprocessor, micro-controller, digital signal
processor, microcomputer, central processing unit, field pro-
grammable gate array, programmable logic device, logic
circuitry, analog circuitry, digital circuitry, and/or any device
that manipulates signals (analog and/or digital) based on
hard coding of the circuitry and/or operational instructions.
The processor 108 may have an associated memory and/or
memory element, which may be a single memory device, a
plurality of memory devices, and/or embedded circuitry of
the processor. Such a memory device may be a read-only
memory, random access memory, volatile memory, non-
volatile memory, static memory, dynamic memory, tlash
memory, cache memory, and/or any device that stores digital
information.

FIG. 2 1s a diagram 1illustrating an example of a seli-
referenced spectrometer 200. The spectrometer 200 includes
a light source 202, an interferometer 204, detectors 2064 and
2060, an electronics interface 210 and a digital signal
processor (DSP) 208. The light source 202 may correspond,
for example, to the light source 102 shown 1 FIG. 1. In
addition, the interferometer 204, detectors 206a and 2065,
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and DSP 208 may correspond to the interferometer 104,
detector 106, and processor 108, respectively, shown 1n FIG.
1.

The interferometer 204 1s a Michelson interferometer
fabricated on a MEMS chip that includes a beam splitter
212, a fixed retlector 214, a moveable reflector 216, and a
MEMS actuator 218 coupled to the moveable reﬂector 216.
The fixed reflector 214 and the moveable reflector 216 are
cach retro-retlectors. The beam splitter 212 may include, for
example, an air-propagation based spatial splitter (e.g., a
hollow waveguide splitter) or an air/silicon beam splitter
(e.g., a beam splitter formed at an interface between silicon
and air). The interferometer 204 includes two outputs 238
and 240, each optically coupled to one of two optical paths
within the interferometer 204 and each further optically
coupled to a respective detector 206a and 2065 external to
the mterferometer 204. For example, a first optical path 1s
formed between the beam splitter 212 and the first output
238, which then passes through a sample 220 (e.g., SUT) at
the first output 238 towards the first detector 206a. A second
optical path 1s formed between the beam splitter 212 and the
second output 240, which then passes through a reference
222 at the second output 240 towards the second detector
2060.

In the example shown 1n FIG. 2, an input beam 224 from
the light source 202 1s split into two incident beams 226 and
228 by the beam splitter 212. The fixed retro-retlector 214 1s
optically coupled to receive a first incident beam 226 and to
reflect the first incident beam 226 towards the beam splitter
212 to produce a first reflected beam 230. The moveable
retro-reflector 216 1s optically coupled to receive a second
incident beam 228 and to reflect the second incident beam
228 towards the beam splitter 212 to produce a second
reflected beam 232. The moveable retro-reflector 216 1s
coupled to the MEMS actuator 218 to produce a desired
optical path difference (OPD) between the first and second
reflected beams 230 and 232.

In one example, the MEMS actuator 218 1s formed of a
comb drive and sprmg By applying a voltage to the comb
drive, a potential difference results across the actuator 218,
which induces a capacitance therein, causing a driving force
to be generated as well as a restoring force from the spring,
thereby causing a displacement of moveable retro-reflector
216 to the desired position for reflection of the incident beam
228. An OPD 1s then created between the retlected beams
230 and 232 that 1s substantially equal to twice the displace-
ment of the moveable retro-retlector 216.

The reflected beams 230 and 232 interfere at the beam
splitter 212, allowing the temporal coherence of the light to
be measured at each different OPD produced by the move-
able retro-reflector 216. The beam splitter 212 1s further
optically coupled to split the interference beam resulting
from interference between the first reflected beam 230 and
the second reflected beam 232 to produce a first interfering
beam 234 and a second interfering beam 236. The beam
splitter 212 1s further optically coupled to direct the first
interfering beam 234 along the first optical path (e.g., which
may correspond to a sample arm of the interferometer 204 )
and the second interfering beam 236 along the second
optical path (e.g., which may correspond to a reference arm
of the mterferometer 204).

The sample arm and the reference arm may each operate
in either a transmission configuration or reflectance configu-
ration (e.g., a diffuse reflectance configuration). In a trans-
mission configuration, the interfering beam (e.g., beam 234
or 236) propagates through the sample 220 or reference 222
towards the respective detector 206a or 20656. In a reflec-
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tance configuration, the interfering beam (e.g., beam 234 or
236) 1s reflected from the sample 220 or reference 222 to the
respective detector 206a or 20656. For the reference arm, in
the case of a transmission configuration, the reference 222
may be an empty cuvette, while 1n the case of a retlectance
configuration, the reference 222 may include Spectralon or
polytetrafluoroethylene (PTFE) standard reflectors. For the
sample arm, 1n the case of a transmission configuration, the
interfering beam 234 may propagate through the sample
220, while 1n the case of a retlectance configuration, the
interfering beam 234 may be reflected from the sample 220
towards the detector 206a.

Each detector 206a and 2065 1s optically coupled to
receive the respective interfering beam 234 and 236 (e.g.,
alter propagation through or reflection from the sample
220/reference 222) and to detect a respective interference
signal 242 and 244. The electronics interface 210 1s coupled
to the detectors 206a and 2065 to receive the interference
signals 242 and 244 and 1s configured to process each of the
interference signals 242 and 244 to extract the respective
interferograms therefrom. The DSP 208 1s coupled to the
clectronics interface 210 to receive the interferograms and 1s
configured to calculate a sample absorbance A_ as follows:

(Equation 1)

FFTlIdll)

Ac = —1 (
N T T

where I ,, 1s the detected interferogram signal from detector
206a and I, 1s the detected interferogram signal from
detector 2065. It should be understood that any differences
between the two detectors 2064 and 2065 that may aflect the
accuracy of the sample absorbance may be calibrated and
compensated 1n the final calculation.

FIG. 3 1s a diagram 1llustrating another example of a
self-referenced spectrometer 300. The spectrometer 300
includes a light source 302, an interferometer 304 and
detectors 306a and 306b. The light source 302 may corre-
spond, for example, to the light source 102 shown 1n FIG. 1.
In addition, the interferometer 304 and detectors 306a and
30656 may correspond to the interferometer 104 and detector
106, respectively, shown 1n FIG. 1. In addition, the spec-
trometer 300 may further include a processor and/or other
circuitry (not shown, for simplicity).

The interferometer 304 1s a MZ mterferometer fabricated
on a MEMS chip that includes a first beam splitter 308, a
moveable retlector 310, a MEMS actuator 312 coupled to
the moveable reflector 310, a first flat mirror 314, a second
flat mirror 316, a fixed reflector 318, and a second beam
splitter 320. The fixed retlector 318 and the moveable
reflector 310 are each retro-retlectors. The interferometer
304 includes two outputs, one passing through a sample 322
(e.g., a SUT) towards a detector 306qa at a first output and
another passing through a reference 324 towards a detector
3060 at a second output. A first optical path 1s formed
between the second beam splitter 320 and a first output of
the interferometer 304 at the sample 322, whereas a second
optical path 1s formed between the second beam splitter 320
and a second output of the interferometer 304 at the refer-
ence 324.

In the example shown 1n FIG. 3, an input beam 326 from
the light source 302 1s split into two incident beams 328 and
330 by the first beam splitter 308. The moveable retro-
reflector 310 1s optically coupled to receive a first incident
beam 328 and to retlect the first incident beam 328 towards
the second beam splitter 320 via the first flat mirror 314 to
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produce a first retlected beam 332. The second flat mirror
316 1s optically coupled to direct a second 1incident beam 330
towards the fixed retro-reflector 318 for reflection thereof
towards the second beam splitter 320 to produce a second
reflected beam 334. The moveable retro-reflector 310 1s
coupled to the MEMS actuator 312 to produce a desired
optical path difference (OPD) between the first and second
reflected beams 332 and 334.

The reflected beams 332 and 334 interfere at the second
beam splitter 320, allowing the temporal coherence of the
light to be measured at each diflerent OPD produced by the
moveable retro-reflector 310. The second beam splitter 320
1s further optically coupled to split the mterference beam
resulting from interference between the first retlected beam
332 and the second reflected beam 334 to produce a first
interfering beam 336 and a second interfering beam 338.
The second beam splitter 320 1s further optically coupled to
direct the first interfering beam 336 along the first optical
path and the second interfering beam 338 along the second
optical path.

Each detector 306a and 30656 i1s optically coupled to
receive the respective interfering beam 336 and 338 (e.g.,
alter propagation through or reflection from the sample
322/reference 324) and to detect a respective interference
signal. A processor (not shown) may then utilize the inter-
ference signal detected by detector 3065 as a reference
signal 1n processing the interference signal detected by
detector 306a, as described above.

FIG. 4 1s a diagram 1illustrating another example of a
seli-referenced spectrometer 400. The spectrometer 400
includes a light source 402, interferometer 404, and two
detectors 406a and 4065. The light source 402 may corre-
spond, for example, to the light source 102 shown 1n FIG. 1.
In addition, the interferometer 404 and detectors 4064 and
4065 may correspond to the interferometer 104 and detector
106, respectively, shown i FIG. 1. In addition, the spec-
trometer 400 may further include a processor and/or other
circuitry (not shown, for simplicity).

The interferometer 404 1s a Michelson interferometer
fabricated on a MEMS chip that includes a beam splitter
408, a fixed reflector 410 (e.g., a fixed mirror), a moveable
reflector 412 (e.g., a moveable mirror), a MEMS actuator
414 coupled to the moveable reflector 412, and a coupler
420. The fixed retlector 410 and the moveable retlector 412
are cach flat mirrors. The coupler 420 1s positioned at an
input of the interferometer 404. The interferometer 404
includes two outputs, one passing through a sample 416
(e.g., a SUT) towards a detector 406a and another passing
back through the coupler 420 through a reference 418
towards a detector 4065. A first optical path 1s formed
between the beam splitter 408 and a first output of the
interferometer 404 at the sample 416, whereas a second
optical path 1s formed between the beam splitter 408 and a
second output of the interferometer 404 at the coupler
420/reference 418.

In the example shown in FIG. 4, an mput beam from the
light source 402 1s coupled by the coupler 420 to the beam
splitter 408, where the input beam 1s split into two 1ncident
beams. The fixed mirror 410 1s optically coupled to receive
one of the incident beams and to reflect the received incident
beam back towards the beam splitter 408. The moveable
mirror 412 1s optically coupled to recerve the other incident
beam from the beam splitter 408 and to reflect the recerved
incident beam back towards the beam splitter 408. The
moveable mirror 412 1s coupled to the MEMS actuator 414
to produce a desired optical path difference (OPD) between
the beams retlected back to the beam splitter 408.
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The reflected beams interfere at the beam splitter 408,
allowing the temporal coherence of the light to be measured
at each different OPD produced by the moveable mirror 412.
The beam splitter 408 1s turther optically coupled to split the
interference beam resulting from interference between the
reflected beam to produce a two interfering beams, each
directed along one of the first optical path or the second
optical path. Fach detector 406a and 40656 1s optically
coupled to receive a respective one of the two interfering
beams (e.g., after propagation through or reflection from the
sample 416/reference 418) and to detect a respective inter-
ference signal. A processor (not shown) may then utilize the
interference signal detected by detector 4065 as a reference
signal 1n processing the interference signal detected by
detector 406a, as described above.

FIG. 5 1s a diagram illustrating another example of a
seli-referenced spectrometer. The spectrometer 500 includes
a light source 502, interferometer 504, and two detectors
506a and 506b. The light source 502 may correspond, for
example, to the light source 102 shown i FIG. 1. In
addition, the interferometer 504 and detectors 506a and
5060 may correspond to the interferometer 104 and detector
106, respectively, shown 1n FIG. 1. In addition, the spec-
trometer 500 may further include a processor and/or other
circuitry (not shown, for simplicity).

The interferometer 504 1s a Michelson interferometer
tabricated on a MEMS chip that includes a beam splitter
508, a fixed reflector 510 (e.g., a fixed mirror), a moveable
reflector 512 (e.g., a moveable mirror), and a MEMS actua-
tor 514 coupled to the moveable reflector 512. The fixed
reflector 510 and the moveable reflector 512 are each flat
mirrors. In the example shown 1n FIG. 5, the interferometer
504 1ncludes a single output. The spectrometer 500 further
includes an additional beam splitter 516 optically coupled to
receive the output of the interferometer 504 (e.g., an inter-
fering beam) and to split the output into the two 1nterfering
beams that may then each be directed towards one of a
sample 518 or a reference 520. Each detector 506a and 5065
1s optically coupled to receive a respective one of the two
interfering beams (e.g., after propagation through or retlec-
tion from the sample 518/reference 520) and to detect a
respective interference signal. A processor (not shown) may
then utilize the interference signal detected by detector 5065
as a relerence signal 1n processing the interference signal
detected by detector 506a, as described above.

FIG. 6 1s a diagram 1llustrating another example of a
seli-referenced spectrometer. The spectrometer 600 includes
a light source 602, interferometer 604, and two detectors
606a and 606b6. The light source 602 may correspond, for
example, to the light source 102 shown in FIG. 1. In
addition, the interferometer 604 and detectors 606a and
6066 may correspond to the interferometer 104 and detector
106, respectively, shown 1n FIG. 1. In addition, the spec-
trometer 600 may further include a processor and/or other
circuitry (not shown, for simplicity).

The interferometer 604 1s a FP interferometer fabricated

on a MEMS chip that includes a tunable FP filter 608
coupled to a MEMS actuator 610. The tunable FP filter 608
includes two slabs, one of which 1s coupled to the MEMS
actuator 610. In an exemplary operation, the mput beam
from the light source 602 1s transmitted through the top slab
of the FP tunable filter 608 and enters a FP air cavity
between the slabs, where the input beam 1s retlected multiple
times off each of the interior reflecting surfaces of the slabs.
The MEMS actuator 610 causes a displacement of the
bottom slab, thus varying the width of the cavity, resulting
in multiple offset beams that interfere with one another
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inside the FP air cavity. Part of the retlected light (interfering
beam) 1s transmitted through the bottom slab each time the
light reaches the slab, and i1s output by the interferometer
604.

In the example shown in FIG. 6, the interferometer 604
includes a single output. The spectrometer 600 further
includes an additional beam splitter 612 optically coupled to
receive the output of the interferometer 604 (e.g., an inter-
fering beam) and to split the output into the two interfering
beams that may then each be directed towards one of a
sample 614 or a reference 616. Each detector 606a and 6065
1s optically coupled to receive a respective one of the two
interfering beams (e.g., after propagation through or retlec-
tion from the sample 614/reference 616) and to detect a
respective interference signal. A processor (not shown) may
then utilize the interference signal detected by detector 6065
as a relerence signal in processing the interference signal
detected by detector 606a, as described above.

FIG. 7 1s a diagram 1illustrating an example of a side view
of a Micro-Electro-Mechanical-Systems (MEMS) chip 700
including various components of a self-referenced spec-
trometer. The MEMS chip 700 may be fabricated using a
deep etching technology, such as Deep Reactive Ion Etching
(DRIE), 1n a silicon-on-insulator (SOI) water 702 that
includes a device layer 708, a handle layer 704, and a buried
oxide (BOX) layer 706 sandwiched between the device layer
708 and the handle layer 704. Various components of the
MEMS interferometer, such as a beam splitter 712, and other
micro-optical components (e.g., mirrors, a MEMS actuator,
ctc.) may be defined using a single lithographic step and
ctched 1n the device layer 708 using a highly anisotropic
process until the etch stop (BOX) layer 706 1s reached. Any
moveable parts, such as a moveable reflector and the MEMS
actuator may be released by selectively removing the BOX
layer 706 underneath the moveable parts. The MEMS chip
700 may further be water-level bonded to another substrate
710, such as a package.

The MEMS chip 700 may further include a diffuse
reflection surface 714 forming the reference material for the
MEMS 1interferometer and an integrated retlector 716, each
fabricated monolithically within the MEMS chip. In the
example shown in FIG. 7, the diffuse reflection surface 714
may nclude disordered silicon (e.g., black silicon). Black
silicon 1s a needle-shaped surface structure, in which the
surface of the structure includes a plurality of needles made
of single-crystal silicon. In some examples, the needle
diameters may be smaller than 1 micrometer and the needle
heights may be larger than 10 micrometers, with a random
variation of these parameters across the black silicon area.
The needles may be formed in various shapes, such as
spikes, columns, cones and pyramids, by etching without the
use of a photolithographic mask. The diffuse retlection
surface 714 may be coated with a metal to function as a high
flux reference or with a dielectric to function as a low flux
reference.

Using, for example, any of the selif-referenced spectrom-
cter configurations shown i FIGS. 2-6 above, an interfering
beam from the beam splitter 712 may be directed towards
the diffuse retlection surface 714, and the output thereof may
be reflected by the integrated reflector 716 (e.g., which may
be a curved reflector) towards a detector chip 718. The
resulting interference signal detected by the detector chip
718 may be used as a reference signal 1n processing a sample
interference signal, as described above.

FIG. 8 1s a diagram 1illustrating an example of a side view
of a MEMS chip 800 including various components of a
self-referenced spectrometer. The MEMS chip 800 may be
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tabricated using a deep etching technology, such as Deep
Reactive Ion Etching (DRIE), 1n a silicon-on-1nsulator (SOI)
waler 802 that includes a device layer 808, a handle layer
804, and a buried oxide (BOX) layer 806 sandwiched
between the device layer 808 and the handle layer 804.
Various components of the MEMS interferometer, such as a
beam splitter 812, and other micro-optical components (e.g.,
mirrors, a MEMS actuator, etc.) may be defined using a
single lithographic step and etched 1n the device layer 808
using a highly anisotropic process until the etch stop (BOX)
layer 806 1s reached. Any moveable parts, such as a move-
able retlector and the MEMS actuator may be released by
selectively removing the BOX layer 806 underneath the
moveable parts. The MEMS chip 800 may further be water-

level bonded to another substrate 810, such as a package.

The MEMS chip 800 may further include an integrated
reflector 816 fabricated monolithically within the MEMS

chup. In addition, a diffuse reflection surface 814 may be
waler-level bonded to the MEMS chip 700. In the example
shown in FIG. 8, the diffuse retlection surface 814 may
include a sandblasted surface (e.g., glass). The difluse retlec-
tion surface 814 may be coated with a metal to function as
a high flux reference or with a dielectric to function as a low
flux reference.

Using, for example, any of the seli-referenced spectrom-
eter configurations shown in FIGS. 2-6 above, an interfering
beam from the beam splitter 812 may be directed towards
the diffuse retlection surface 814 via the integrated reflector
816 (e.g., which may be a curved reflector), and the reflected
beam from the diffuse reflection surface 814 may be
reflected towards a detector chip 818. The resulting inter-
terence signal detected by the detector chip 818 may be used
as a relerence signal in processing a sample interference
signal, as described above.

FIG. 9 1s a diagram 1llustrating another example of a
seli-referenced spectrometer 900. The spectrometer 900 1s
similar to the spectrometer 1llustrated in FIG. 2 in that the
spectrometer 900 includes a light source 902, a Michelson
interferometer 904 (including a beam splitter 908, a fixed
retro-reflector 910, a moveable retro-reflector 912 and a
MEMS actuator 914 coupled to the moveable retro-reflector
912), and two detectors 906a and 90656. The interferometer
904 further includes two outputs, one passing directly
towards a detector 906a and another passing through a
reference material or optical filter 916 at the output towards
a detector 906b. Thus, a first optical path 1s formed between
the beam splitter 908 and the first output of the interferom-
eter 904 towards the first detector 9064, whereas a second
optical path 1s formed between the beam splitter 908 and the
second output of the interferometer 904 at the reference
material or optical filter 916.

In some examples, the interference signal from the ref-
erence material or optical filter 916 with reference absorp-
tion peaks detected by the detector 9065 may be utilized by
a processor (not shown) for continuous wavelength correc-
tion of the interference signal detected by the detector 906a.
In addition, 1n examples 1n which a narrowband optical filter
916 1s incorporated 1nto the spectrometer 900, the narrow-
band optical filter 916 may also be utilized for online mirror
positioning of the moveable reflector 912. For example, the
detected interferogram from the detector 9065 may be 1n the
form of a sinusoidal signal of a period corresponding to the
central wavelength A_ of the filter 916. More particularly,
one cycle of the detected interferogram signal may corre-
spond to an OPD (equal to A ) between the retlected beams
reflected back to the splitter 908 from the fixed retro-
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reflector 910 and the moveable retro-retlector 912 resulting
from the displacement of the moveable retro-reflector 912.

FIG. 10 1s a diagram 1illustrating an example of a top view
of a MEMS mterferometer chip 1000. The MEMS interfer-
ometer chip 1000 may be fabricated, for example, using
DRIE i1n a silicon-on-insulator (SOI) water. The MEMS

interferometer chip 1000 includes a fixed mirror 1002, a
moveable mirror 1004 coupled to a MEMS actuator 1006, a
beam splitter 1008 formed at the interface between silicon

and air, and a microfluidic channel or connector 1010
integrated within the MEMS 1nterferometer chip 1000. The

microfluidic channel 1010 may include a reference material
1012 formed of a liqud or gas. With knowledge of the
reference wavelength position of certain absorption peaks,
the wavelength axis of the output of the MEMS 1nterferom-
cter chip 1000 may be corrected.

In this example, the interfering beam produced at the
output of the interferometer includes a combined 1nterfering

beam including both a first interfering beam produced as a
result of passing through the mirrors 1002 and 1004 and
beam splitter 1008 (e.g., the first optical path) and a second
interfering beam produced as a result of passing through the
mirrors 1002/1004, beam splitter 1008, and reference mate-
rial 1012 (e.g., the second optical path). Thus, a single
detector may be utilized to detect a single intertference signal
that includes both the first interference signal (e.g., the
sample or other signal) and the second interference signal
(e.g., the reference signal). In the example 1n FIG. 10, the
light 1s transmitted through the reference liquid or gas at the
output of the interferometer. However, in other examples,
the light may be transmitted through the reference liquid or
gas at the mput of the interferometer.

FIG. 11 1s a diagram illustrating another example of a
seli-referenced spectrometer 1100. The spectrometer 1100
includes a light source 1102, interferometer 1104, and two
detectors 1106a and 11065. The light source 1102 may
correspond, for example, to the light source 102 shown 1n
FIG. 1. In addition, the interferometer 1104 and detectors
1106a and 11065 may correspond to the interterometer 104
and detector 106, respectively, shown 1n FIG. 1. In addition,
the spectrometer 1100 may further include a processor
and/or other circuitry (not shown, for simplicity).

The spectrometer 1100 further includes optical compo-
nents designed to simultaneously i1lluminate a sample (e.g.,
a SUT) 1110 and a reference (e.g., a difluse reflectance
surface) 1112. In the example shown 1n FIG. 11, the spec-
trometer 1100 includes a splitter 1108 optically coupled to
split an original source beam 1105 emitted from the light
source 1102 into a first source beam reflected by a first
reflective surface 1114 towards the sample 1110 and a
second source beam reflected by a second reflective surface
1116 towards the reference 1112. Light reflected from the
sample 1110 and the reference 1112 may be directed towards
a respective mput of the mterferometer 1104 as first and
second mput beams 1136 and 1138, respectively, via, for
example, one or more waveguides 11284 and 11285 and/or
other additional optical components 1118. For example, the
additional optical components 1118 may include a first flat
mirror 1130 optically coupled to receive the first input beam
1136 retlected from the sample 1110 and a second flat mirror
1132 optically coupled to receive the second input beam
1138 reflected from the reference 1112. The first and second
input beams reflected from the tlat mirrors 1130 and 1132
may then be directed towards a reflective element 1134
optically coupled to direct the first and second input beams
1136 and 1138, respectively, into the interferometer 1104.
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The interferometer 1104 1s a Michelson interferometer
that includes a beam splitter 1120, a fixed reflector 1122
(c.g., a fixed mirror), a moveable reflector 1124 (e.g., a
moveable mirror), and a MEMS actuator 1126 coupled to the
moveable retlector 1124. The fixed mirror 1122 and the
moveable mirror 1124 are each tlat mirrors. In the example
shown 1n FIG. 11, the first and second mnput beams 1136 and
1138, respectively, are each iput to the beam splitter 1120,
which 1s optically coupled to split each of the mput beams
into respective incident beams. For example, the beam
splitter 1120 may split the first imnput beam 1136 retlected
from sample 1110 mto a first incident beam 1140 and a
second 1ncident beam 1142 and may direct the first incident
beam 1140 towards the fixed mirror 1122 and the second
incident beam 1142 towards the moveable mirror 1124. In
addition, the beam splitter 1120 may split the second 1nput
beam 1138 retlected from the reference 1112 into a third
incident beam 1144 and a fourth incident beam 1146 and
direct the third incident beam 1144 towards the fixed mirror
1122 and the fourth incident beam 1146 towards the move-
able mirror 1124.

The fixed mirror 1122 1s optically coupled to reflect the
recetved first and third incident beams 1140 and 1144,
respectively back towards the beam splitter 1120 as first and
third reflected beams 1148 and 11352, respectively. The
moveable mirror 1124 1s optically coupled to reflect the
received second and fourth incident beams 1142 and 1146,
respectively, back towards the beam splitter 1120 as second
and fourth reflected beams 1150 and 1154, respectively. The
moveable mirror 1124 1s coupled to the MEMS actuator
1126 to produce a desired respective optical path difference
(OPD) between the first and third reflected beams and the
second and fourth retlected beams.

The first and second reflected beams 1148 and 1150,
respectively, mterfere at the beam splitter 1120 to produce a
first interfering beam 1156, whereas the third and fourth
reflected beams 1152 and 1154, respectively, interfere at the
beam splitter 1120 to produce a second interfering beam
1158. The beam splitter 1120 1s further optically coupled to
direct the first interfering beam 1156 towards detector 1106a
to detect a first interference signal and the second 1nterfering,
beam 1158 towards detector 11065 to detect a second
interference signal. A processor (not shown) may then utilize
the interference signal detected by detector 110656 as a
reference signal in processing the interference signal
detected by detector 1106a, as described above. In this
example, a first optical path 1s formed between a first input
of the mterterometer 1104 optically coupled to receive the
first input beam 1136 retlected from the sample 1110 and a
first output thereot directing the first interfering beam 1156
towards the first detector 1106a, whereas a second optical
path 1s formed between a second 1nput of the interferometer
1104 optically coupled to receive the second mput beam
1138 reflected from the reference 1112 and a second output
thereot directing the second interfering beam 1158 towards
the second detector 11065.

In some examples, the imnterferometer 1104, splitter, 1108,
reflective surfaces 1114 and 1116 and additional optical
components 1118 may be fabricated monolithically on a
MEMS chip. In addition, it should be understood that other
optical components may be utilized to direct the original
input beam towards the sample 1110 and the reference 1112
and to direct the reflected input beams from the sample 1110
and the reference 1112 into the interterometer 1104.

FIG. 12 1s a diagram illustrating another example of a
self-referenced spectrometer. The spectrometer 1200
includes a light source 1202, interferometer 1204, and two
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detectors 1206a and 12065. The light source 1202 may
correspond, for example, to the light source 102 shown 1n
FIG. 1. In addition, the interferometer 1204 and detectors
12064 and 120656 may correspond to the interterometer 104
and detector 106, respectively, shown 1n FIG. 1. In addition,
the spectrometer 1200 may further include a processor
and/or other circuitry (not shown, for simplicity).

The spectrometer 1200 1s configured to simultaneously
illuminate a sample (e.g., a SUT) 1210 and a reference (e.g.,
a diffuse reflectance surface) 1212. In the example shown 1n
FIG. 12, a source beam 1235 output from the light source
1202 1s directed towards both the sample 1210 and the
reference 1212. Light retlected from the sample 1210 and
the reference 1212 may be directed towards a respective
input of the interferometer 1204 as input beams 1236 and
1238, respectively, via, for example, additional optical com-
ponents 1218. For example, the additional optical compo-
nents 1218 may include a first flat mirror 1230 optically
coupled to receive the first mput beam reflected from the
sample 1210 and a second flat mirror 1232 optically coupled
to receive the second mput beam reflected from the refer-
ence 1212. The first and second 1nput beams retlected from
the tflat mirrors 1230 and 1232 may then be directed towards
a retlective element 1234 optically coupled to direct the first
and second mmput beams 1236 and 1238, respectively, into
the interferometer 1204.

The interferometer 1204 1s a FP interferometer that
includes a tunable FP filter 1220 coupled to a MEMS

actuator 1222. The tunable FP filter 1220 1ncludes two slabs,
one of which 1s coupled to the MEMS actuator 1222. In an
exemplary operation, the first and second mput beams 1236
and 1238, respectively, reflected from the sample 1210 and
the reference 1212 are transmitted through the top slab of the
FP tunable filter 1220 and enter a FP air cavity between the
slabs, where the input beams are retlected multiple times off
cach of the iterior reflecting surfaces of the slabs. The
MEMS actuator 1222 causes a displacement of the bottom
slab, thus varying the width of the cavity, resulting 1n
multiple offset beams that interfere with one another inside
the FP air cavity. Part of the reflected light associated with
cach of a first interfering beam 1240 and a second interfering
beam 1242 1s transmitted through the bottom slab each time
the light reaches the slab towards the respective detectors
12064 and 12065.

A processor (not shown) may then utilize the interference
signal detected by detector 12066 as a reference signal 1n
processing the interference signal detected by detector
12064, as described above. In this example, a first optical
path 1s formed between a first mput of the interferometer
1204 optically coupled to receive the mput beam 1236
reflected from the sample 1210 and a first output of the
interferometer 1204 coupled to provide the first interfering
beam 1240 to the first detector 1206a, whereas a second
optical path 1s formed between a second mput of the
interferometer 1204 optically coupled to receive the nput
beam 1238 reflected from the reference 1212 and a second
output of the mterferometer 1204 coupled to provide the
second interfering beam 1242 to the second detector 12065.

It should be understood that the optical components
illustrated 1n FIG. 12 are merely exemplary and other optical
components (e.g., such as the optical components shown 1n
FIG. 11) may be utilized to direct the light from the light
source 1202 to the sample 1210 and the reference 1212 and
to direct the reflected input beams from the sample 1210 and
the reference 1212 into the mterferometer 1204.

FIGS. 13A and 13B are diagrams illustrating another
example of a self-referenced spectrometer 1300. The spec-
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trometer 1300 includes a light source 1302, interferometer
1304, and a single detector 1306. The light source 1302 may
correspond, for example, to the light source 102 shown 1n
FIG. 1. In addition, the interferometer 1304 and the detector
1306 may correspond to the interferometer 104 and detector
106, respectively, shown 1n FIG. 1. In addition, the spec-
trometer 1300 may further include a processor and/or other
circuitry (not shown, for simplicity).

The spectrometer 1300 further includes optical compo-
nents designed to simultaneously i1lluminate a sample (e.g.,
a SUT) 1310 and a reference (e.g., a difluse retlectance
surface) 1312. In the example shown in FIG. 13, the
spectrometer 1300 includes a splitter 1308 optically coupled
to split an original source beam 1305 from the light source
1302 mto a first source beam reflected by a first retlective
surface 1314 towards the sample 1310 and a second source
beam reflected by a second retlective surface 1316 towards
the reference 1312. Light reflected from the sample 1310
and the reference 1312 as first and second mput beams 1336
and 1338, respectively, may be directed towards a respective
input of the imterferometer 1304 via, for example, one or
more waveguides and/or other additional optical compo-
nents 1318, as described above in connection with FIG. 11.

In the example shown 1n FIG. 13A, the interferometer
1304 1s a Michelson interferometer that includes a beam
splitter 1320, fixed reflectors 1322a and 13225 (e.g., fixed
mirrors), a moveable reflector 1324 (e.g., a moveable mir-
ror), a MEMS actuator 1326 coupled to the moveable
reflector 1324, and a focusing reflector 1328 (e.g., a curved
reflector). The fixed mirrors 1322a and 13226 and the
moveable mirror 1324 are each flat mirrors. In the example
shown 1n FIG. 13, the first and second imnput beams 1336 and
1338 retlected from the sample 1310 and the reference 1312
are each 1mput to the beam splitter 1320, which 1s optically
coupled to split each of the input beams into respective
incident beams. For example, the beam splitter 1320 may
split the first mnput beam retlected from sample 1310 1nto a
first incident beam that 1s directed towards the first fixed
mirror 1322a and a second incident beam that 1s directed
towards the moveable mirror 1324. The beam splitter 1320
may further split the second mput beam retlected from the
reference 1312 into a third incident beam that 1s directed
towards the second fixed mirror 13225 and a fourth incident
beam that 1s directed towards the moveable mirror 1324.

The first and second fixed mirrors 1322q and 132256 are
cach optically coupled to reflect the respective recerved first
and third incident beams back towards the beam splitter
1320 as first and third reflected beams, respectively. The
moveable mirror 1324 1s optically coupled to retlect the
received second and fourth incident beams back towards the
beam splitter 1320 as second and fourth reflected beams.
The moveable mirror 1324 1s coupled to the MEMS actuator
1326 to produce a desired respective optical path difference
(OPD) between the first and third reflected beams and the
second and fourth reflected beams.

The first and second retlected beams interfere at the beam
splitter 1320 to produce a first interfering beam 1340,
whereas the third and fourth reflected beams interfere at the
beam splitter 1320 to produce a second interfering beam
1342. The beam splitter 1320 1s further optically coupled to
direct the first and second interfering beams 1340 and 1342,
respectively, towards the focusing retlector 1328 that
focuses each of the first and second interfering beams 1340
and 1342, respectively, onto the single detector 1306 to
detect a combined interference signal including both a first
interfering signal produced from the first interfering beam
and a second interference signal produced from the second
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interfering beam. In this example, a first optical path 1is
formed between a first input of the interferometer 1304
optically coupled to receive the first input beam retlected
from the sample 1310 and the single output of the interfer-
ometer 1304 at the focusing reflector 1328, whereas a
second optical path 1s formed between a second mput of the
interferometer 1304 optically coupled to recerve the second
input beam reflected from the reference 1112 and the single
output of the iterferometer 1304 at the focusing reflector
1328.

To use a single detector 1306, a sample interferogram (as
shown 1n FIG. 13A) obtained from the first interference
signal and a reference interferogram (as also shown 1n FIG.
13A) obtamned from the second interference signal are
spatially separated by shifting one of the fixed mirrors
relative to the other. In the example shown 1n FIG. 13A, the
first fixed mirror 1322a within the sample optical path 1s
spatially offset from the second fixed mirror 132256 1n the
reference optical path (e.g., the first and second mirrors are
spatially offset from one another with respect to the beam

splitter 1320) by a distance d_ corresponding to a target
resolution within a predetermine margin in order to avoid
cross-coupling between the first interfering signal and the
second 1nterfering signal. Consequently, the two interfero-
grams (e.g., sample and reference) are also shifted from one
another by a distance d_.

In this example, the sample absorbance A, may be
extracted from the measured combined interferogram 1 as
follows:

(Equation 2)

FFT|I; % ng)

Ag = —1 (
S = TR ERTIL % Wyl

where W and W, are the window functions to detect the
sample 1nterferogram and the reference interferogram,
respectively. In some examples, W. and W, are shifted
versions of the same window function W of mirror displace-
ment X of the moveable mirror 1324:

(Equation 3)

It should be understood that 1n some examples, the
interferometer 1304 may include a single fixed mirror and
two moveable mirrors that are spatially offset from one
another to produce the same combined interferogram that
may be processed as described above.

In the example shown in FIG. 13B, instead of including
two fixed mirrors 1322aq and 13225), a single fixed mirror
1322 1s utilized, together with a thin film FP slab 1330. The
FP slab 1330 1s shown implemented within the second
optical path (e.g., corresponding to a reference optical path)
before the beam splitter 1320. The FP slab 1330 has a
thickness d_, and therefore, produces multiple instances of
reference light (e.g., the second mput beam) delayed from
one another by an amount equal to 2d_. This results in two
instances of the reference mterferogram (as shown i FIG.
13B) with power ratios of ¢ and p with respect to the
reference light spaced apart by 2d_, having a main instance
(burst) aligned with the sample interferogram. A processor
(not shown) may then extract the reference power spectral
density (PSD) from the right half of the iterferogram, and
utilize the reference PSD to extract the sample PSD from the
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left half of the mterferogram (which includes a summation
of both the sample interferogram and the B part of the
reference interferogram).

FIG. 14 1s a diagram illustrating another example of a
seli-referenced spectrometer 1400. The spectrometer 1400
includes a light source 1402, interferometer 1404, and a
single detector 1406. The light source 1402 may correspond,
for example, to the light source 102 shown 1 FIG. 1. In
addition, the interferometer 1404 and the detector 1406 may
correspond to the interferometer 104 and detector 106,
respectively, shown 1n FIG. 1. In addition, the spectrometer
1400 may further include a processor and/or other circuitry
(not shown, for simplicity).

The spectrometer 1400 further includes optical compo-
nents designed to simultaneously 1lluminate a sample (e.g.,
a SUT) 1410 and a reference (e.g., a diffuse reflectance
surface) 1412. In the example shown in FIG. 14, the
spectrometer 1400 includes a splitter 1408 optically coupled
to split an original source beam from the light source 1402
into a first source beam reflected by a first retlective surface
1414 towards the sample 1410 and a second source beam
reflected by a second reflective surface 1416 towards the
reference 1412. Light reflected from the sample 1410 and
the reference 1412 may be directed towards a respective
input of the iterferometer 1404 via, for example, one or
more waveguides and/or other additional optical compo-
nents 1418, as described above in connection with FIG. 11.

In the example shown in FIG. 14A, the interferometer
1404 1s a FP interferometer including a tunable FP filter
1420 and a focusing lens 1430. The tunable FP filter 1420
includes a moveable slab 1424 coupled to a MEMS actuator
1422 and two fixed slabs 1426 and 1428, each located on a
separate side of the moveable slab 1424. A first fixed slab
1426 1s located on a first side of the moveable slab 1424 that
1s nearest the output of the interferometer 1404 towards the
detector 1406, while a second fixed slab 1428 1s located on
a second side of the moveable slab 1424 opposite the first
side and nearest the mput of the interferometer 1404. The
first fixed slab 1426 and the second fixed slab 1428 each
have a length that 1s approximately half a length of the
moveable slab 1424 and are positioned such that the first
fixed slab 1426 1s proximal to a first part of the moveable
slab 1424 corresponding to a first half of the length of the
moveable slab 1424 and the second fixed slab 1428 1s
proximal to a second part of the moveable slab 1424

corresponding to a second half of the length (e.g., the other
half of the length) of the moveable slab 1426.

Thus, the first fixed slab 1426 1s included within a first
optical path (e.g., a sample arm) between a first input of the
interferometer 1404 optically coupled to receive the
reflected input beam from the sample 1410 and the focusing,
lens 1430, while the second fixed slab 1428 1s included
within a second optical path (e.g., a reference arm) between
a second 1nput of the interferometer 1404 optically coupled
to receive the retlected input beam from the reference 1412
and the focusing lens 1430.

The MEMS actuator 1422 1s configured to displace the
moveable slab 1424 of the FP tunable filter 1420 to vary a
sample gap g_between the moveable slab 1424 and the first
fixed slab 1426 such that the sample gap 1s increased (e.g.,
g +A). The MEMS actuator 1422 i1s further configured to
displace the moveable slab 1424 to vary a reference gap g
between the moveable slab 1424 and the second fixed slab
1426 such that the reference gap 1s decreased (e.g., g, —A).
The displacement of the moveable slab 1424 results 1n two
different 1solated spectral bands being coupled to the detec-
tor 1406 via focusing lens 1430, where a first band A,
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corresponds to a sample interference signal detected by the
detector 1406 and a second band A . corresponds to a refer-
ence 1nterference signal detected by the detector 1406. The
spectral range may be scanned by varying the gap of the FP
tunable filter 1420. When both gaps are equal, the sample
interference signal and the reference interference signal may
be overlapping. However, a processor (not shown) may be
configured to predict the overlapped band 1n order to 1solate
cach signal (sample and reference).

FIG. 15A 1s a diagram 1illustrating another example of a
seli-referenced spectrometer 1500. The spectrometer 1500
includes light sources 1502a and 15025 and an interferom-
cter 1504. The interferometer 1504 may include an output
coupled to a single detector (not shown). The light sources
1502a and 15026 may correspond, for example, to the light
source 102 shown 1n FIG. 1. In addition, the interferometer
1504 may correspond to the interferometer 104 shown 1n
FIG. 1. The spectrometer 1500 may further include a pro-
cessor and/or other circuitry (not shown, for simplicity).

The spectrometer 1500 may further include a housing
1512 containing the light sources 15024 and 15026 and
including a window 1506 on which a sample (e.g., SUT)
1510 may be placed. The housing 1512 further includes an
opening 1514 forming an input or coupling aperture 1nto the
interferometer 1504. In some examples, the interferometer
may include a Michelson interferometer, a MZ interferom-
cter or a FP interferometer. In some examples, the interfer-
ometer 1504 may be implemented on a MEMS chip and the
housing 1512 may be bonded to the MEMS chip.

In the example shown 1 FIG. 15A, the light sources
1502a and 150256 are optically coupled to emit respective
source beams to i1lluminate the sample 1510 on the window
1506. Difluse-retlected light from the sample 1510 may then
be coupled as a first input beam to the mput of the interier-
ometer 1504 via the opening 1514, which may be measured
as a sample signal (e.g., the first interference signal). A
second 1nput beam to the mterferometer 1504 may include
light back-retlected from the window 1506, which may then
be mput to the interferometer 1504 and measured as a
background reference signal (e.g., the second interference
signal). In this example, the window 1506 extends under and
around the sample 1510 and 1s coupled to respective sides of
the housing 1512. To enable simultanecous measurement of
the sample 1510 and the background (e.g., back-retlected
light from the window 1506), the window 1506 may include
an anti-reflection coating 1508 seclected to totally reflect a
desired range of the spectrum and to pass a remaining range
of the spectrum to the sample 1510 to be reflected from the
sample 1510.

The wavelength range reflected from the window 1506
may be used to estimate the entire background signal, as
illustrated 1n the graph of FIG. 15B. In the example shown
in FIG. 15B, the spectrometer may simultaneously measure
both a sample interference signal across a sample spectrum
and a background interference signal across a background
spectrum. The sample spectrum has a wavelength range of
between 1400 and 2500 nm, while the background spectrum
has wavelength ranges of between 1300 nm and 1400 nm
and between 2500 nm and 2600 nm. The measured back-
ground (BG) spectrum (e.g., between 1300 nm and 1400 nm
and between 2500 nm and 2600 nm) may be utilized to
estimate the remaining portion of the background (BG)
signal (e.g., between 1500 nm and 2500 nm).

In some examples, the remaining portion of the back-
ground signal may be estimated using both the measured BG
spectrum and a calibration reading of the background signal
taken when a reference difluse-retlectance standard 1s placed
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on the window 13506. The calibration reading may be
updated periodically to compensate for any changes in the
spectrometer. In addition, readings from a temperature sen-
sor (not shown) may also be utilized to compensate for any
changes 1n the detector response due to temperature changes.
In other examples, mstead of providing an anti-reflection
coating 1508 on the window 1506, the back-retlection from
the window 1506 (e.g., without a SUT or reference difluse-
reflectance standard present) may be utilized as the back-
ground signal. However, in this example, the background
signal 1s not measured simultaneously with the sample
signal.

FIGS. 16A and 16B are diagrams illustrating other
examples of a self-referenced spectrometer 1600. The spec-
trometer 1600 1includes a first set of light emitters 1602a and
16025, a second set of light emitters 1602¢ and 16024, and
an 1nterferometer 1604. The interferometer 1604 may
include an output coupled to a single detector (not shown).
The light emitters 1602q-1602d4 may correspond, for
example, to the light source 102 shown i FIG. 1. In
addition, the interferometer 1604 may correspond to the
interferometer 104 shown 1n FIG. 1. The spectrometer 1600
may further imclude a processor and/or other circuitry (not
shown, for simplicity).

The spectrometer 1600 may further include a housing
1616 containing the light emitters 1602a-16024d and includ-
ing a window 1606 on which a sample (e.g., SUT) 1610 may
be placed. The housing 1616 further includes an opening
1618 forming an 1nput or coupling aperture into the inter-
ferometer 1604. In some examples, the interferometer may
include a Michelson interferometer, a M7 interferometer or
a FP interferometer. In some examples, the interferometer
1604 may be implemented on a MEMS chip and the housing
1616 may be bonded to the MEMS chip.

In the example shown i FIG. 16A, each set of light
emitters (e.g., the first set of light emitters 16024 and 16025
and the second set of light emitters 1602¢ and 16024) may
be optically coupled to emit respective source beams to
illuminate both the sample 1610 and the window 1606
simultaneously. However, the second set of light emitters
1602¢ and 16024 may be positioned near edges of the
housing 1616 to produce more back-reflection from the
window 1606 towards the opening 1618 than the first set of
light emitters 1602a and 16025. Thus, the reflected spectra
resulting from light originating from each set of light
emitters 1602a/16025 and 1602¢/16024 may be different.

To extract the sample spectrum and the background
spectrum, the light emitters 1602a-16024 may be coupled to
a switch 1614 configured to alternately turn on the first set
of light emitters 1602a and 16025 and the second set of light
emitters 1602¢ and 1602d. For example, the switch 1614
may turn on the first set of light emitters 1602a and 16025
and turn off the second set of light emitters 1602¢ and 16024
at a first time (t,) to enable the interferometer 1604 to
measure a {irst combined mterference signal S,. Then, at a
second time (t,), the switch 1614 may turn off the first set of
light emitters 1602a and 16025 and turn on the second set of
light emitters 1602¢ and 16024 to enable the interferometer
to measure a second combined interference signal S,. The
combined interference signals S, and S, may be expressed
as:

S=aSc+bS5p (Equation 4)

So=cS +dSy (Equation 5)

where S. 1s the contribution of the sample interference
signal, S, 1s the contribution of the background interference
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signal, and a, b, ¢, and d are constants representing ratios of
adding the sample interference signal to the background
interference signal. As a result, the signals S, and S, may be
considered as originating from different light sources, and
therefore the processor (not shown) may utilize a blind
source separation (BSS) algorithm to extract S_ and S,. In
some examples, the switch 1614 may further be controlled
by the processor.

In some examples, the window 1606 may include an
optional blocking material 1608 extending along a top
surface of the window 1606 and further extending below the
window 1606 surrounding the sample 1610. The blocking
material 1608 may be designed to prevent light emitted from
the second set of light emitters 1602¢ and 16024 from
reaching the sample 1610 and to further prevent light
emitted from the first set of light emitters 16024 and 16025
from reaching the window 1606 surrounding the sample
1610. In this example, S,=S. and S,=S,. However, in this
example, the sample interference signal S and background
interference signal S, are measured separately (e.g., at time
t, and t,, respectively).

In the example shown in FIG. 16B, mstead of using a
background interference signal resulting from back-reflec-
tion from the window 1606 to process the sample interier-
ence signal, a reference diffuse retlectance material 1612
may be coupled between respective sides of the housing
1616 and the window 1606. For example, the reference
diffuse reflectance material 1612 may include an opening 1n
the center thereol and a lip surrounding the opening to
receive the window 1606. In some examples, the window
1606 may further be bonded to the lip of the reference
diffuse reflectance material 1612 to secure the window 1606
in place. In this example, a reference interference signal
(instead of a background interference signal) may be
extracted from the combined interference signals S, and S..
The sample and reference interference signals may be
extracted using, for example, a BSS algorithm, as described
above.

In some examples, the blocking material 1608 may fur-
ther be included along a top surface of the reference diffuse
reflectance material 1612 and surrounding the window 1606
such that light emitted from the second set of light emitters
1602¢ and 16024 1s reflected by the reference diffuse reflec-
tance material 1612 and coupled to the interferometer 1604
to produce the background interference signal, while light
emitted from the first set of light emitters 1602aq and 16025
1s reflected by the sample 1610 and coupled to the interfer-
ometer to produce the sample interference signal. Thus, the
light emitted from the first set of light emitters 16024 and
16025 contributes only to S_, while light emitted from the
second set of light emaitters 1602¢ and 1602¢ contributes
only to S,. However, 1n this example, the sample interfer-
ence signal S, and background interference signal S, are
measured separately (e.g., at time t, and t,, respectively).

FIG. 17 1s a diagram another example of a self-referenced
spectrometer 1700. The spectrometer 1700 includes two
light sources 1702a and 17025, an mterferometer 1704 and
two detectors 1706a and 17065. Each of the light sources
1702a and 170256 may be optimized for a different spectral
(wavelength) range. For example, light source 1702a may be
configured to emuit a first mnput beam 1716 1n a first spectral
range (e.g., between A, and A3), while the second light
source 170256 may be configured to emit a second input
beam 1718 1n a second spectral range (e.g., between A, and
A,). The light sources 1702a and 17025 may correspond, for
example, to the light source 102 shown m FIG. 1. In
addition, the interferometer 1704 and the detectors 1706a
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and 17066 may correspond to the interferometer 104 and
detector 106, respectively, shown 1n FIG. 1. In addition, the
spectrometer 1700 may further include a processor and/or
other circuitry (not shown, for simplicity).

The interferometer 1704 1s a Michelson interferometer
that mncludes a beam splitter 1708, a fixed reflector 1710
(c.g., a fixed mirror), a moveable reflector 1712 (e.g., a
moveable mirror), and a MEMS actuator 1714 coupled to
the moveable reflector 1712. The fixed mirror 1710 and the
moveable mirror 1712 are each flat mirrors. In the example
shown 1n FIG. 17, the first and second imnput beams 1716 and
1718, respectively, are each input to the beam splitter 17108,
which 1s optically coupled to split each of the mput beams
into respective incident beams. For example, the beam
splitter 1708 may split the first input beam 1716 into a first
incident beam 1720 and a second incident beam 1722 and
may direct the first incident beam 1720 towards the fixed
mirror 1710 and the second incident beam 1722 towards the
moveable mirror 1712. In addition, the beam splitter 1708
may split the second mput beam 1718 into a third incident
beam 1724 and a fourth incident beam 1726 and direct the
third incident beam 1724 towards the fixed mirror 1710 and
the fourth incident beam 1726 towards the moveable mirror
1712.

The fixed mirror 1710 1s optically coupled to reflect the
recetved first and third incident beams 1720 and 1724,
respectively back towards the beam splitter 1708 as first and
third reflected beams 1728 and 1732, respectively. The
moveable mirror 1712 1s optically coupled to reflect the
received second and fourth incident beams 1722 and 1726,
respectively, back towards the beam splitter 1708 as second
and fourth reflected beams 1730 and 1734, respectively. The
moveable mirror 1712 1s coupled to the MEMS actuator
1714 to produce a desired respective optical path difference
(OPD) between the first and third reflected beams and the
second and fourth reflected beams.

The first and second reflected beams 1728 and 1730,
respectively, interiere at the beam splitter 1708 to produce a
first interfering beam 1736, whereas the third and fourth
reflected beams 1732 and 1734, respectively, interfere at the
beam splitter 1708 to produce a second interfering beam
1738. The beam splitter 1708 1s further optically coupled to
direct the first interfering beam 1736 towards detector 1706a
to detect a first interference signal and the second 1nterfering
beam 1738 towards detector 17066 to detect a second
interference signal. A processor (not shown) may then utilize
the interference signal detected by detector 17066 as a
reference signal in processing the interference signal
detected by detector 1706a. For example, the interference
signal corresponding to the second spectral range detected
by detector 170656 may be used to compensate or calibrate
any errors in the interference signal corresponding to the
first spectral range detected by detector 1706a. In this
example, a first optical path 1s formed between a first input
of the mterferometer 1704 optically coupled to receive the
first input beam 1716 and a first output thereof directing the
first interfering beam 1736 towards the first detector 17064,
whereas a second optical path 1s formed between a second
input of the mterferometer 1704 optically coupled to recerve
the second mput beam 1718 and a second output thereof
directing the second interfering beam 1738 towards the
second detector 17065. In some examples, a sample and
reference may be present at the respective outputs of the
interferometer, as 1 FI1G. 2, to produce sample and reference
interference signals 1n different spectral ranges.

FIG. 18 1s a diagram illustrating another example of a
self-referenced spectrometer 1800. As 1n FIG. 17, the spec-
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trometer 1800 includes two light sources 1802a and 18025,
an interterometer 1804 and two detectors 1806a and 18065.
Each of the light sources 1802a and 18025 may be optimized
for a diflerent spectral (wavelength) range. For example,
light source 1802a may be configured to emit a first mput
beam 1n a {first spectral range (e.g., between A, and A3),
while the second light source 18025 may be configured to
emit a second input beam 1n a second spectral range (e.g.,
between A, and A,). The light sources 1802a and 18025 may
correspond, for example, to the light source 102 shown 1n
FI1G. 1. In addition, the interferometer 1804 and the detectors
18064 and 18065 may correspond to the interferometer 104
and detector 106, respectively, shown 1n FIG. 1. In addition,
the spectrometer 1800 may further include a processor
and/or other circuitry (not shown, for simplicity).

The interferometer 1804 1s a Michelson interferometer
that includes two beam splitters 1808a and 18085, two fixed
reflectors 1810q and 18105 (e.g., fixed mirrors), two move-
able reflectors 1812a and 18126 (e.g., moveable mirrors),
and a MEMS actuator 1814 coupled to the moveable retlec-
tors 1812a and 18125. In some examples, each beam splitter
1808a and 18085b 1s optimized for the particular wavelength
range produced by the corresponding light source 18024 and
180256. For example, one of the beam splitters 1808a may be
an air/silicon beam splitter, while the other beam splitter
18085 may be a hollow waveguide splitter, thus enabling the
wavelength range to be extended mto the UV/visible spec-
trum, where propagation inside of silicon may be lossy. Each
of the beam splitters 1808a and 18085 may be monolithi-
cally integrated with the same MEMS actuator 1814, as
shown i FIG. 18.

In the example shown in FIG. 18, each input beam from
a respective light source 1802a and 18025 1s mput to a
respective beam splitter 1808a and 18085b, respectively,
which 1s optically coupled to split each of the mput beams
into respective incident beams. For example, the beam
splitter 1808a may split the first input beam from the first
light source 1802q into a first incident beam and a second
incident beam and may direct the first incident beam towards
the first fixed mirror 1810a and the second incident beam
towards the first moveable mirror 1812a. In addition, the
second beam splitter 18085 may split the second input beam
from the second light source 18026 into a third incident
beam and a fourth incident beam and direct the third incident
beam towards the second fixed mirror 18105 and the fourth
incident beam towards the second moveable mirror 18125.

The first fixed mirror 1810q 1s optically coupled to reflect
the recerved first incident beam back towards the first beam
splitter 1808a as a first reflected beam. The first moveable
mirror 1812a 1s optically coupled to retlect the recerved
second incident beam back towards the first beam splitter
1808a as a second reflected beam. In addition, the second
fixed mirror 181056 1s optically coupled to reflect the
received third incident beam back towards the second beam
splitter 18085 as a third retlected beam. The second move-
able mirror 18125 1s further optically coupled to reflect the
received fourth incident beam back towards the second
beam splitter 18085 as a second reflected beam. Each
moveable mirror 1812a and 18125 1s coupled to the MEMS
actuator 1814 to produce a desired respective optical path
difference (OPD) between the first and third retlected beams
and the second and fourth reflected beams.

The first and second reflected beams interfere at the first
beam splitter 1808a to produce a first interfering beam
towards the first detector 18064, whereas the third and fourth
reflected beams interfere at the second beam splitter 18085
to produce a second interfering beam towards the second
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detector 18065. A processor (not shown) may then utilize the
interference signal detected by detector 18065 as a reference
signal 1n processing the interference signal detected by
detector 18064, as described above. In this example, a first
optical path 1s formed between a first mnput of the interfer-
ometer 1804 optically coupled to recerve the first input beam
and a first output thereot directing the first interfering beam
towards the first detector 18064, whereas a second optical
path 1s formed between a second 1nput of the interferometer
1804 optically coupled to recerve the second input beam and
a second output thereol directing the second interfering
beam towards the second detector 18065. In some examples,
a sample and reference may be present at the respective
outputs of the interferometer, as 1n FIG. 2, to produce sample
and reference interference signals in different spectral
ranges.

FIG. 19 1s a diagram illustrating another example of a
seli-referenced spectrometer 1900. The spectrometer 1900
includes a light source 1902, interferometer 1904 and two
detectors 1906a and 19065. The light source 1902 may
correspond, for example, to the light source 102 shown 1n
FI1G. 1. In addition, the interferometer 1904 and the detectors
19064 and 19065 may correspond to the interferometer 104
and detector 106, respectively, shown 1n FIG. 1. In addition,
the spectrometer 1900 may further include a processor
and/or other circuitry (not shown, for simplicity).

The interferometer 1904 1s a Michelson interferometer
that includes a beam splitter 1908, a fixed retlector 1910
(e.g., a fixed mirror), two moveable retlectors 1912a and
191256, and a MEMS actuator 1914 coupled to the moveable
reflectors 1912a and 19125. A first moveable reflector 19124
1s an optical path difference (OPD) multiplier corner mirror,
while a second moveable retlector 19125 1s a flat mirror. The
two different moveable reflectors 1912a and 19125 enable
measuring the PSD of an input beam from the light source
1902 at two different resolutions simultaneously.

For example, a first optical path may be formed through
the moveable flat mirror 19125, whereas a second optical
path may be formed through the moveable OPD multiplier
corner retlector. The second optical path through the flat
moveable mirror 19125 provides a resolution R _, while the
second optical path through the OPD multiplier corner
reflector 1912a provides a resolution R _/n, with n=2 for the
OPD multiplier corner retlector 1912a shown 1n FI1G. 19. In
an example, if signal-to-noise ratio (SNR) of the first optical
path through the moveable OPD multiplier reflector 19124
1s S_, the SNR of the second optical path through the flat
mirror 1910 1s 2S_ (e.g., i1f the mnterferogram measured at
detector 19064 1s truncated to produce a resolution of R _.

FIG. 20 1s a diagram illustrating another example a
self-referenced spectrometer 2000. The spectrometer 2000
includes a light source 2002, interferometer 2004 and a
single detector 2006. The light source 2002 may correspond,
for example, to the light source 102 shown in FIG. 1. In
addition, the interferometer 2004 and the detector 2006 may
correspond to the interferometer 104 and detector 106,
respectively, shown in FIG. 1. In addition, the spectrometer
2000 may further include a processor and/or other circuitry
(not shown, for simplicity).

The interferometer 2004 1s a Michelson interferometer
that imncludes a beam splitter 2008, a fixed reflector 2010
(e.g., a fixed mirror), two moveable reflectors 20124 and
20125, and a MEMS actuator 2014 coupled to the moveable
reflectors 2012a and 20125. A first moveable retlector 20124
1s an optical path difference (OPD) multiplier corner mirror,
while a second moveable reflector 20125 1s a flat mirror.
Similar to the example shown 1n FIG. 19, the two different
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moveable reflectors 2012a and 20125 enable measuring the
PSD of an input beam from the light source 2002 at two
different resolutions. However, in the example shown 1n
FIG. 20, a MEMS switch 2016 coupled to a flat mirror 2018
may be used to switch between the first optical path through
the moveable OPD multiplier corner mirror 1912a and the
second optical path through the moveable flat mirror 19125.
For example, the MEMS switch 2016 may be coupled to
shift the flat mirror 2018 from a first position 2020 at which
the first optical path 1s coupled to the detector 2006 and a
second position 2022 at which the second optical path 1s
coupled to the detector 2006.

FIG. 21 1s a diagram illustrating another example of a
seli-referenced spectrometer 2100. The spectrometer 2100
includes a light source 2102, interterometer 2104 and two
detectors 2106a and 21065. The light source 2102 may
correspond, for example, to the light source 102 shown 1n
FIG. 1. In addition, the interferometer 2104 and the detectors
2106q and 21065 may correspond to the iterferometer 104
and detector 106, respectively, shown 1n FIG. 1. In addition,
the spectrometer 2100 may further include a processor
and/or other circuitry (not shown, for simplicity).

The interferometer 2104 1s a Michelson interferometer
that mncludes a beam splitter 2108, a fixed retlector 2110
(e.g., a fixed mirror), a moveable retlector 2112 (e.g., a
moveable mirror), and a MEMS actuator 2114 coupled to the
moveable reflector 2112. The fixed mirror 2110 and the
moveable mirror 2112 are both flat mirrors. The interferom-
cter 2104 further includes a tap splitter or coupler 2116 at an
input of the mterferometer 2104 optically coupled to receive
the mput beam from the light source 2102 and to redirect a
portion of the mput beam to the second detector 210656 to
sample the light source power upon entering the interfer-
ometer. The tap splitter or coupler 2116 may further direct
the remaining portion of the input beam to the interferometer
2104 for coupling an output thereof to the first detector
2106a. The PSD measured at the second detector 21065 may
be utilized to compensate for source power variations or
source noise 1n the interference signal measured at the first
detector 2106a.

Within the present disclosure, the word “exemplary” 1s
used to mean “serving as an example, instance, or illustra-
tion.” Any implementation or aspect described herein as
“exemplary” 1s not necessarily to be construed as preferred
or advantageous over other aspects of the disclosure. Like-
wise, the term “aspects” does not require that all aspects of
the disclosure include the discussed feature, advantage or
mode of operation. The term “coupled” 1s used herein to
refer to the direct or indirect coupling between two objects.
For example, if object A physically touches object B, and
object B touches object C, then objects A and C may still be
considered coupled to one another—even if they do not
directly physically touch each other. For instance, a first
object may be coupled to a second object even though the
first object 1s never directly physically in contact with the
second object. The terms “circuit” and “circuitry” are used
broadly, and intended to include both hardware implemen-
tations of electrical devices and conductors that, when
connected and configured, enable the performance of the
functions described 1n the present disclosure, without limi-
tation as to the type of electronic circuits, as well as software
implementations of information and instructions that, when
executed by a processor, enable the performance of the
functions described 1n the present disclosure.

One or more of the components, steps, features and/or
functions illustrated 1n FIGS. 1-21 may be rearranged and/or
combined 1nto a single component, step, feature or function
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or embodied 1n several components, steps, or functions.
Additional elements, components, steps, and/or functions
may also be added without departing from novel features
disclosed herein. The apparatus, devices, and/or components
illustrated 1n FIGS. 1-21 may be configured to perform one
or more of the methods, features, or steps described herein.
The novel algorithms described herein may also be efli-
ciently implemented 1n software and/or embedded 1n hard-
ware.

It 1s to be understood that the specific order or hierarchy
of steps i the methods disclosed i1s an illustration of
exemplary processes. Based upon design preferences, it 1s
understood that the specific order or hierarchy of steps in the
methods may be rearranged. The accompanying method
claims present elements of the various steps 1 a sample
order, and are not meant to be limited to the specific order
or hierarchy presented unless specifically recited therein.

The previous description 1s provided to enable any person
skilled 1n the art to practice the various aspects described
herein. Various modifications to these aspects will be readily
apparent to those skilled in the art, and the generic principles
defined herein may be applied to other aspects. Thus, the
claims are not intended to be limited to the aspects shown
herein, but are to be accorded the full scope consistent with
the language of the claims, wherein reference to an element
in the singular 1s not intended to mean “one and only one”
unless specifically so stated, but rather “one or more.”
Unless specifically stated otherwise, the term “some™ refers
to one or more. A phrase referring to “at least one of” a list
of 1tems refers to any combination of those items, including
single members. As an example, “at least one of: a, b, or ¢”
1s intended to cover: a; b; ¢; aand b; a and ¢; b and ¢; and
a, b and c. All structural and functional equivalents to the
clements of the various aspects described throughout this
disclosure that are known or later come to be known to those
of ordinary skill 1n the art are expressly incorporated herein
by reference and are intended to be encompassed by the
claims. Moreover, nothing disclosed herein 1s intended to be
dedicated to the public regardless of whether such disclosure
1s explicitly recited 1n the claims. No claim element 1s to be
construed under the provisions of 35 U.S.C. § 112(1) unless
the element 1s expressly recited using the phrase “means for”
or, 1n the case of a method claim, the element 1s recited using
the phrase “step for.”

What 1s claimed 1s:

1. A self-referenced spectrometer, comprising:

an 1nterferometer comprising an nput, an output, and at
least one optical component, wheremn the input is
optically coupled to receive an input beam and to direct
the mput beam along a first optical path to produce a
first interfering beam and a second optical path to
produce a second interfering beam, wherein the first
interfering beam and the second interfering beam are
produced prior to the output and exit the interferometer
at the output via a same optical component of the at
least one optical component;

an 1solation component configured to 1solate the first
interfering beam from the second interfering beam 1n
the interterometer;

a detector optically coupled to simultaneously detect a

first interference signal produced from the first inter-

fering beam and a second interference signal produced

from the second interfering beam, wherein the {first

interference signal and the second interference signal

indicate respective absorbances of light passing

through different respective mediums external to the
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interferometer, wherein the light 1s associated with the
first interfering beam and the second interfering beam;
and

a processor coupled to the detector and configured to
process the first interference signal and the second
interference signal and to utilize the second interfer-
ence signal as a reference signal in processing the first
interterence signal.

2. The spectrometer of claim 1, wherein the interferom-

cter Turther comprises:

a beam splitter optically coupled to recerve the input beam
and to split the input beam nto a first incident beam and
a second incident beam:;

a lixed reflector optically coupled to receive the first
incident beam and to reflect the first ncident beam
towards the beam splitter to produce a first retlected
beam;

a moveable reflector optically coupled to receive the
second 1ncident beam and to reflect the second incident
beam towards the beam splitter to produce a second
reflected beam; and

an actuator coupled to the moveable reflector to cause a
displacement of the moveable reflector, wherein the
displacement produces an optical path length difference
between the first reflected beam and the second
reflected beam.

3. The spectrometer of claim 2, wherein:

the beam splitter 1s further optically coupled to produce
the first interfering beam from 1nterference between the
first reflected beam and the second reflected beam and
to direct the first interfering beam along the {first optical
path;

the beam splitter 1s further optically coupled to produce
the second interfering beam from interference between
the first reflected beam and the second retlected beam
and to direct the second interfering beam along the
second optical path; and

the detector comprises a first detector optically coupled to
detect the first interference signal and a second detector
optically coupled to detect the second interference
signal.

4. The spectrometer of claim 3, wherein:

the fixed reflector comprises a fixed retro-reflector; and

the moveable reflector comprises a moveable retro-retlec-
tor.

5. The spectrometer of claim 4, wherein:

the interferometer comprises a Mach-Zehnder interferom-
cler,

the beam splitter comprises a first beam splitter and a
second beam splitter;

the fixed retlector further comprises a first flat mirror
optically coupled to receive the first imncident beam
from the first beam splitter and to redirect the first
incident beam towards the fixed retro-reflector;

the fixed retro-retlector 1s optically coupled to direct the
first reflected beam towards the second beam splitter;

the moveable retro-retlector 1s optically coupled to
receive the second incident beam from the first beam
splitter;

the moveable reflector further comprises a second ftlat

mirror optically coupled to receive the second reflected
beam from the moveable retro-reflector and to redirect
the second reflected beam towards the second beam
splitter; and
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the second beam splitter 1s optically coupled to receive the
first reflected beam and the second retlected beam and
to produce the first interfering beam and the second
interfering beam.

6. The spectrometer of claim 3, wherein:

the input beam comprises a first input beam comprising a
first spectral range and a second mput beam comprising
a second spectral range different than the first spectral
range;

the beam splitter 1s optically coupled to receive the first
input beam and to split the first input beam 1nto a first
sub-incident beam and a second sub-incident beam:;

the beam splitter 1s further optically coupled to receive the
second 1nput beam and to split the second mput beam
into a third sub-incident beam and a fourth sub-incident
beam;

the fixed retlector 1s optically coupled to receive the first
sub-incident beam and to reflect the first sub-incident
beam towards the beam splitter to produce a first
sub-reflected beam;

the fixed reflector 1s further optically coupled to receive
the third sub-incident beam and to retlect the third
sub-incident beam towards the beam splitter to produce
a third sub-reflected beam:;

the moveable retlector 1s optically coupled to receive the
second sub-incident beam and to reflect the second
sub-incident beam towards the beam splitter to produce
a second sub-reflected beam;

the moveable reflector 1s further optically coupled to
rece1ve the fourth sub-incident beam and to reflect the
fourth sub-incident beam towards the beam splitter to
produce a fourth sub-reflected beam:;

the beam splitter 1s further optically coupled to receive the
first sub-retlected beam and the third sub-reflected
beam and to produce the first interfering beam from
interference between the first sub-reflected beam and
the third sub-reflected beam; and

the beam splitter 1s further optically coupled to receive the
second sub-reflected beam and the fourth sub-retlected
beam and to produce the second interfering beam from
interference between the second sub-reflected beam
and the fourth sub-retlected beam.

7. The spectrometer of claim 1, wherein the first optical

path comprises a sample arm and the second optical path

comprises a reference arm

, wherein the sample arm com-

prises a sample-under-test (SUT).
8. The spectrometer of claim 7, wherein the reference arm
comprises a reference material.

9. The spectrometer of
material comprises a dif
10. The spectrometer of

claim 8, wherein the reference

use retlection surface.

claim 9, further comprising:

a micro-electromechanical-mechanical-system (MEMS)
chip comprising the iterferometer.

11. The spectrometer of
material comprising the di

claim 10, wherein the reference

fluse retflection surtace 1s fabri-

cated within the MEMS chip.

12. The spectrometer of claim 9, wherein the reference
material comprises a black silicon retlector.

13. The spectrometer of claim 9, wherein the reference

Tuse retlection surface 1s water-

material comprising the di

level bonded to the MEMS chip.

14. The spectrometer of

claim 13, wherein the reference

material comprises sandblasted glass.
15. The spectrometer of claim 7, wherein the processor 1s
turther configured to calculate an absorbance of the SUT

based on a ratio of the first
interference signal.

interference signal to the second
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16. The spectrometer of claim 1, wherein:

the second optical path comprises a reference arm,
wherein the reference arm comprises a reference mate-
rial or reference filter; and

the processor 1s further configured to utilize the second
interference signal to determine a wavelength correc-
tion amount applied to the first interference signal.

17. The spectrometer of claim 16, further comprising:

a micro-electromechanical-mechanical-system (MEMS)
chip comprising the interferometer, wherein the MEMS
chip comprises a microfluidic channel containing the
reference material.

18. The spectrometer of claim 1, further comprising;:

a light source configured to direct a source beam to a
sample-under-test (SUT) and a reference matenal;
wherein the SUT 1s optically coupled to reflect the source
beam to produce a first input beam, and the reference
material 1s optically coupled to reflect the source beam
to produce a second input beam, wherein the input
beam comprises the first mput beam and the second

input beam;

wherein the interferometer 1s optically coupled to receive
the first mnput beam reflected from the SUT and the
second mput beam reflected from the reference material
and to produce the first interfering beam from the first
input beam and the second interfering beam from the
second 1put beam.

19. The spectrometer of claim 18, wherein the interter-

ometer comprises a Michelson interterometer or a Fabry-
Perot interferometer.

20. The spectrometer of claim 18, wherein the interfer-

ometer further comprises:

a beam splitter optically coupled to recerve the first input
beam and the second input beam and to split the first
input beam into a first incident beam and a second
incident beam and to split the second mput beam into
a third incident beam and a fourth incident beam;

a fixed reflector optically coupled to receive the first
incident beam and the third incident beam, to reflect the
first incident beam towards the beam splitter to produce
a first reflected beam, and to reflect the third incident
beam towards the beam splitter to produce a third
reflected beam; and

a moveable reflector optically coupled to receive the
second 1ncident beam and the fourth incident beam, to
reflect the second incident beam towards the beam
splitter to produce a second reflected beam, and to
reflect the fourth incident beam towards the beam
splitter to produce a fourth reflected beam;

wherein the beam splitter 1s further optically coupled to
produce the first iterfering beam from interference
between the first reflected beam and the second
reflected beam and to direct the first interfering beam
towards the detector;

wherein the beam splitter 1s further optically coupled to
produce the second interfering beam from interference
between the third reflected beam and the fourth
reflected beam and to direct the second interfering
beam to the detector;

wherein the first optical path comprises the first incident
beam, the second incident beam, the first reflected
beam, the second reflected beam, and the first interfer-
ing beam; and

wherein the second optical path comprises the third
incident beam, the fourth incident beam, the third
reflected beam, the fourth reflected beam, and the
second interfering beam.
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21. The spectrometer of claim 20, wherein:

the fixed reflector comprises a first fixed retlector opti-
cally coupled to receive the first incident beam and a
second fixed reflector optically coupled to receive the
third incident beam; and

the first fixed reflector 1s spatially oflset from the second
fixed reflector with respect to the beam splitter by a
distance configured to avoid cross-coupling between
the first interference signal and the second interference
signal such that the first fixed reflector and the second
fixed reflector form the 1solation component;

the detector comprises a single detector optically coupled
to detect a combined interference signal comprising the
first interference signal and the second interference
signal; and

a sample interferogram burst of a sample interferogram
obtained from the first interference signal 1s spatially
separated from a reference interferogram burst of a
reference mterferogram obtained from the second inter-
ference signal based on the distance.

22. The spectrometer of claim 20, wherein the interfer-

ometer further comprises:

a thin film Fabry-Perot slab optically coupled to receive
the second mput beam and to provide the second input
beam to the beam splitter, wherein the i1solation com-
ponent comprises the thin film Fabry-Perot slab.

23. The spectrometer of claim 18, wherein the 1solation
component comprises a first flat mirror optically coupled to
receive the first input beam retlected from the SUT, a second
flat mirror optically coupled to receive the second input
beam reflected from the reference maternal, and a reflecting
clement optically coupled to reflect the first input beam from
the first flat mirror to the interferometer and the second input
beam from the second flat mirror to the interferometer.

24. The spectrometer of claim 23, wherein the 1solation
component further comprises a splitter optically coupled to
receive the mput beam from the wideband light source and
to split the mput beam into the first mput beam directed
towards the SUT and the second mput beam directed
towards the reference matenal.

25. The spectrometer of claim 24, wherein the 1solation
component further comprises a first retlective surface opti-
cally coupled to recerve the first input beam from the splitter
and to direct the first input beam towards the SUT and a
second reflective surface optically coupled to receive the
second mnput beam from the splitter and to direct the second
input beam towards the reference material.

26. The spectrometer of claim 1, further comprising:

a window comprising a sample-under-test (SUT);

a retlective surface coupled to the window;
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a source optically coupled to emit a source beam and to
direct the source beam to the window and the reflective
surface;

wherein the SUT 1s optically coupled to diffuse retlect a
first spectral range of the source beam to produce a first
iput beam;

wherein the reflective surface 1s optically coupled to
reflect a second spectral range of the source beam to
produce a second input beam;

wherein the input beam comprises the first input beam and
the second 1nput beam;

wherein the first interference signal comprises the first
spectral range and the second interference signal com-
prises the second spectral range;

wherein the detector 1s optically coupled to receive a
combined interference signal comprising the first inter-
ference signal and the second interference signal; and

wherein the processor 1s further configured to estimate a
background signal based on the first interference signal
and stored calibration measurements.

277. The spectrometer of claim 26, wherein the window
comprises the reflective surface and the reflective surface
comprises an anti-retlection coating on the window.

28. The spectrometer of claim 26, wherein the source
comprises a first set of light emitters and a second set of light
emitters, and further comprising:

a switch controlled by the processor and coupled to the
first set of light emitters and the second set of light
emitters, wherein the switch 1s configured to alternately
turn on the first set of light emitters and the second set
of light ematters.

29. The spectrometer of claim 28, wherein:

the detector 1s optically coupled to receive a first com-
bined interference signal comprising a first portion of
the first interference signal and a first portion of the
second interference signal when the first set of light
emitters 1s turned on;

the detector 1s optically coupled to receive a second
combined interference signal comprising a second por-
tion of the first interference signal and a second portion
of the second interference signal when the second set of
light emitters 1s turned on; and

the processor 1s further configured to extract the first
interterence signal and the second interference signal
from the first combined interference signal and the
second combined interference signal.

30. The spectrometer of claim 28, wherein the reflective

surface comprises a reference difluse reflectance material.
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